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Porphyrins have been extensively studied over several decades primarily due 
to their importance in biological systems. Moreover, their unique optical and 
electrochemical properties and their high chemical and thermal stabilities make 
them attractive materials in electronics, optoelectronics and photonics. Recent 
research in our group has demonstrated that certain type of polycyclic aromatic 
hydrocarbons could show an open-shell diradical ground state. This new type 
diradicaloids exhibited very unique optical, electronic and magnetic properties and 
have potential applications for organic electronics, spintronics and photonics. It 
would be interesting to design and synthesize porphyrin-based diradicaloids. So 
far, although various low band gap porphyrinoids such as aromatic-fused 
porphyrins and quinoidal porphyrins have been synthesized, few of them showed 
an open-shell diradical character in the ground state. In this dissertation, we have 
designed and synthesized a series of porphyrin-based diradicaloids with potential 
open-shell diradical character, and their ground states and physical properties 
were systematically investigated. The systems we studied include the followings: 
(1) tetraphenyl-substituted and fused quinoidal porphyrins (Chapter 2), which 
turned out to be closed-shell quinoidal compounds; (2) a p-quinodimethane 
bridged porphyrin dimer (Chapter 3), which is still a closed-shell quinoidal 
compound in the ground state but with very intense near-infrared one-photon and 
two-photone absorption; (3) phenalenyl-fused porphyrins (Chapter 4), and we 
found that the mono-phenalenyl fused porphyrin is a closed-shell non-aromatic 
 viii
compound but the bis- phenalenyl fused porphyin becomes an open-shell triplet 
biradical which is persistent at room temperature in intert atmosphere; and (4) 
cummulenic quinoidal porphyrins (Chapter 5), and we found that after 
incorporation of additional two acetylene units in the tetraphenyl-substituted 
porphyrin, an open-shell singlet diradical ground state was attained, showing very 
different physical properties. Our systematical research finally turned the 
porphyrin-based stable/persistent diradicaloids into the real.   
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Chapter 1 Introduction 
 
1.1 Introduction  
Porphyrins have been extensively studied over recent decades, primarily due to 
their importance in biological systems. In addition, their versatile optical and 
electrochemical properties, the possibility to tune these properties by incorporating 
different metals into the center of the ring or by grafting various substituents at their 
peripheral positions, and their high chemical and thermal stabilities make them 
attractive materials in electronics, optoelectronics, and photonics.1 Moreover, low 
band gap of extended porphyrin arrays have been demonstrated more promising due 
to their attributes，such as red-shifted absorption bands, large nonlinear optical 
properties, and exceptionally large electron delocalization. 
 The subsequent sections provide a literature survey for the design and synthesis 
of low band gap aryl-fused porphyrins and quinoidal porphyrins with tunable 
properties. Recently, polycyclic aromatic hydrocarbon (PAH) based stable 
diradicaloids have attracted intensive research interest due to their unique electronic, 
optical and magnetic properties and potential applications in organic electronics, 
non-linear optics, spintronics, and energy storage devices. 2 One of our particular 
interests in this thesis is to develop new porphyrin-based biradicaloids with tunabel 
ground states and physical properties. In this context, the synthetic chemistry and 
physical characterization of π-extended porphyrins, quinoidal porphyrins and 
PAH-based diradicaloids would be introduced in this chapter.   
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1.2 Literature review 
1.2.1 π-Extended porphyrins 
Porphyrins are a group of heterocyclic macrocycle organic compounds, 
composed of four modified pyrrole subunits interconnected at their α carbon atoms 
via methine bridges, which has two special absorption bands named Soret-band 
(400-450 nm region) and Q band (500-700 nm region). Recently, research interests on 
the materials that can absorb and emit light in the near-infrared (NIR) spectral region 
(700-1000 nm) have increased tremendously. Porphyrins have numerous 
advantageous properties such as attractive aromatic and nonaromatic properties, 
structural diversities, optical and electronic properties. In these years, porphyrin has 
been used across a wide range of research disciplines such as medicine, molecular 
electronics, supramolecular chemistry and organic geochemistry. The large altered 
optical and electronic properties could be changed based on the fine tuning of the 
porphyrin structures; hence many efforts have been devoted to the design and 
synthesis of π-extended low-band-gap of porphyrins, including fused porphyrin arrays 
and aromatic ring-fused porphyrins. These π-extended porphyrins exhibit attractive 
electronic, optical, electrochemical and magnetic properties, thus allowing them to be 
considered as promising candidates for future applications such as NIR dyes, 
photovoltaic dyes, nonlinear optical materials and nano-electronic devices. Due to 
their rigid shape and conjugated electronic system, fused porphyrin arrays have been 
widely investigated by Osuka’s group.5-9 Noteworthy is that fused porphyrin arrays 
not only exhibit NIR absorption, but also display surprisingly huge two-photon 
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absorption (TPA) cross-sections. Therefore, porphyrin appears to be the most efficient 
core for obtaining high TPA cross-section values and these arrays thus are considered 
to have potential applications as TPA materials. 1 The development of 
porphyrin-related compounds with novel structures, electronic systems, and functions 
will be introduced in this context. 
Osuka’s group first reported a facile method to synthesize doubly meso-β-linked 
diporphyrins 1-1a and 1-1b by oxidative fusion of 5, 10, 15-triaryl-substituted Ni and 
Pd porphyrins using tris(4-bromophenyl) aminium hexachloroantimonate (BAHA) as 
oxidant (Scheme 1.1). By using different amounts of BAHA, the differernt R group 
(R = H or Cl) of 1-1c were obtained.The doubly meso-β-linked diporphyrins 1-1a had 
red-shifted absorption spectra with four bands at 417, 501, 538, and 756 nm with 
similar intensities. The most notable feature was that the appearance of a red-shifted, 
intense Q-band after the oxidative fusion reaction. The original very weak Q bands 
were obviously intensified due to both elongation of π-conjugation and loss of 
symmetry. 3 When meso-brominated Ni(II) porphyrins were subjected to AuCl3 and 
AgOTf in 1,2-dichloroethane,  meso-brominated Ni(II) meso-β-linked diporphyrins 
1-1f was formed rapidly in 73-82%.4a Very recently, a simple and efficient method 
has been developed for the synthesis of meso-β-linked diporphyrins 1-1f through 
phenyliodine(III) bis(trifluoroacetate) (PIFA) and BF3·Et2O mediated oxidative 
coupling.4b In subsequent studies, doubly meso-β-linked diporphyrin oligomers Ni(II) 
1-2 was also obtained by Osuka’s group (Scheme 1.1). A series of meso-β doubly 
linked diporphyrins oligomers 1-2 could directly be obtained by oxidation of 
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5,15-bis(3,5-di-tert-butylphenyl) Ni(II)-porphyrin with the Sc(OTf)3/DDQ (2 equiv) 
system in a one-spot reaction.5a The lowest energy bands of the absorption spectra of 
these oligomers 1-2a to 1-2d were significantly red-shifted and enhanced upon an 
increase of the number of the porphyrin units with wavelength at 741 nm for 1-2a, 
892 nm for 1-2b, 996 nm for 1-2c, and 1075 nm for 1-2d. The TPA cross section 
values for 1-2a (8000 GM, measured at 1400 nm), 1-2b (16900 nm, measured at 1700 
nm), 1-2c (29900 GM, measured at 1900 nm) and 1-2d (41400 GM, measured at 1900 
nm) have increased as the molecular length of arrays increases. Thus the TPA values 
are strongly associated with the effective π-conjugation lengths.5c  
Very recently, Osuka et al. have synthesized trans- and cis- meso-β- doubly linked 
Zn(II) porphyrin trimers 1-3 and 1-4 and systematically investigated anti-versus-syn 
effects on their photophysical properties.6 Both trimers 1-3 and 1-4 can be prepared 
by Suzuki coupling of β-diborylated porphyrin with mono- meso-brominated 
porphyrin followed by oxidative ring fusion in the presence of Sc(OTf)3 and DDQ 
(Scheme 1.1). The trans- isomer 1-3 shows absorption peaks at 427, 852 and 963 nm. 
In contrast, the cis- trimer 1-4 had lower extinction coefficients, showing band peaks 
at 422, 522, 604, 734, 927, and 982 nm. In addition, cis-trimer 1-4 showed a 
detectable fluorescence at 1048 nm whereas emission for 1-3 could not be observed. 
The TPA cross section values for 1-3 and 1-4 was measured to be 16800 GM 
(measured at 1850 nm) and 7900 GM (measured at 1850 nm), respectively. 
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Scheme 1.1 Synthesis of doubly linked porphyrin tapes. 
 
Scheme 1.2 Synthesis of triply linked porphyrin tapes. 
 
Another class of fused porphyrin arrays is meso-meso, β-β, β-β triply linked 
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porphyrin tapes. Due to the more effective conjugation, their absorption usually 
shows red-shifted bands with respect to doubly meso-β-linked porphyrin arrays. The 
general method to the triply linked porphyrin tapes 1-6 is shown in Scheme 1.2. The 
meso-meso linked porphyrin oligomers 1-5 underwent oxidative ring fusion reaction 
either by BAHA4 (1-1d and 1-1e in Scheme 1.1) or by Sc(OTf)3 and DDQ 7 to afford 
the fully conjugated porphyrin arrays. Like meso-β- doubly linked porphyrin arrays, 
the absorption maxima of triply linked porphyrin tapes 1-6 were increasingly 
intensified and red-shifted upon an increase in the number of the porphyrin units. In 
particular, the absorption maximum of the dodecameric porphyrin tape even reached 
infrared (IR) region, with wavelength as long as 2850 nm. An important feature of 
porphyrin tapes 1-6, in common with rylene, is that expansion of π-electronic system 
tends to raise the HOMO energy level and lower the energy gap and thus in most 
cases destabilize the tapes. However, 1-6 with rigid shape and conjugated electronic 
system are stable in the air. For hybrid porphyrin tapes, the electron-withdrawing C6F5 
groups has been used as meso-substituents to increase the chemical stability against 
oxidation by lowering the HOMO levels.8a, 8b The first triply fused porphyrin 24mer 
was synthesized which have two different aryl groups, a 2,4,6- 
tris(3,5-di-tert-butylphenoxy) phenyl group (Ar1) and a 3,5-dioctyloxy phenyl group 
(Ar2). The bulkier substituent can avoid the aggregation and improves the chemical 
stability and solubility of higher porphyrin tapes.8c This study can also give an 
approach to determine the effective conjugated length (ELC) based on the change of 
the lowest energy Q-band-like absorption bands. Compared with the all-donor-type 
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porphyrin dimer or trimer, donor-acceptor hybrid porphyrin tape dimer and trimer 
showed increased stability against oxidative degradation. 
 
Figure 1.1 Structures of triply linked porphyrin tapes. 
 
The other two-dimensionally extended conjugated porphyrin oligomers, namely 
L-shaped 1-7, T-shaped porphyrin tape 1-8, and tetrameric porphyrin sheet 1-9 have 
been also synthesized (Figure 1.1) by Suzuki coupling followed by ring fusion by 
DDQ and Sc(OTf)3.9 In comparison with those of linear porphyrin tapes，the TPA 
values of 1-7 and 1-8 were measured to 8700 and 35700 GM, respectively, at an 
excitation wavelength of 2300 nm. Under similar conditions, the TPA values for 
linear tri- and tetrameric porphyrin tapes were measured to be 18500 and 41200 GM, 
respectively. These data clearly substantiate the importance of directionality in the 
π-conjugation pathway for a large TPA value. Porphyrin sheets 1-9 exhibit only a 
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broad Soret band (300-600 nm and 600-1000 nm) and a weak Q band (1000-1500 nm), 
and show a paratropic ring current above the central cyclooctatetraene (COT) unit. 
These data have been interpreted in terms of the antiaromatic character arising from 
the planar COT core. The free base tetrameric porphyrin sheet 1-9c was prepared by 
demetalation of zinc complex 1-9b, which was now more conveniently prepared in 30% 
yield by oxidation of a mixture of tetraporphyrins.9c However, 1-7 to 1-9 displayed 
relatively smaller intensity of lowest-energy bands than their linear porphyrin tapes, 
presumably due to their bent structures.9b 
Besides fused porphyrin tapes, π-extended porphyrins fused with naphthalene, 
pyrene, anthracene, boron dipyrromethene (BODIPY), diarylamino, 
dibenzo[a,g]corannulene and azulene across the meso- and β-positions of porphyrins 
also shift the absorption into the NIR spectral region. The meso- positions of 
5,15-unsubstituted porphyrins were readily functionalized with PAHs. In order to 
obtain related dyes (1-1010 to 1-32) (Figure 1.2 and Figure 1.3),7-38 coupling of 
respective aromatic compounds with porphyrin at meso-positions to form meso-aryl 
substituted precursor is necessary, which can be achieved by direct condensation of 
pyrole with aldehyde followed by metalation (for synthesis of compounds 1-1413a and 
1-1812c), or by condensation between dipyrromethane and aldehyde (1-10, 1-1211a and 
1-1311a). 
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Figure 1.2 Structures of aromatics fused porphyrins (I). 
 
Another different strategy (for synthesis of compounds 1-11 to 1-1512a, 1-1712b) 
employed to produce meso-aryl substituted precursor is based on Suzuki coupling of 
porphyrin boronic ester with bromoarene. The desired dyes 1-1010 to 1-2014 were 
eventually prepared by ring closure reactions of precursors under Sc(OTf)3/DDQ 
system or FeCl3. The integrated value of the molar absorptivity at the Q band region 
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of dye 1-10 is two times larger than the precursor, indicating that the elongation of 
π-conjugation and loss of symmetry causes splitting in the π-π* levels and reduces the 
HOMO–LUMO gap, resulting in broadening of the absorption and an increasing 
intensity of Q bands. Compared with the unfused tetraaryl porphyrin precursor, the 
fused porphyrin 1-16 exhibit strongly red-shifted UV-vis absorption spectra and 
smaller electrochemical HOMO-LUMO gap (λmax = 855 nm; Eox1-Ered1 = 1.19 eV). At 
the same time, fusion was only possible when the anthracene carried 
electron-donating alkoxy substituents.12a Later, the fused bis-anthracene porphyrin 
monomer 1-17 was prepared by oxidative ring closure using FeCl3 and displays 
red-shifted absorption spectra and small electrochemical HOMO-LUMO gap (λmax = 
973 nm; Eox1-Ered1 = 1.27 eV)12b. Compound 1-18 has an exceptionally small 
HOMO-LUMO gap (λmax = 1471 nm; Eox1-Ered1 = 0.61 eV), which is red-shifted than 
those of most conjugated porphyrin oligomers. The Q band of 1-18 is extremely sharp, 
reflecting the high symmetry and rigid geometry of the chromophore.12c Despite the 
similar molecular size of BODIPY to anthracene and azulene, comparison of the NIR 
absorbance of bis-BODIPY fused porphyrin 1-20 (λmax = 1040 nm) with 
bis-anthracene fused porphyrin 1-1612a (λmax = 973 nm) and bis-azulene fused 
porphyrin 1-13 (λmax = 1014 nm)13a reveals bathochromic shifts of 67 nm and 26 nm 
respectively. Therefore, fusion of BODIPY to the porphyrin core appears to be an 
effective method for bathochromic shift of the absorbance.14 Absorption spectra of the 
fused porphyrins undergo a progressive bathochromic shift in a series of coronenyl 
(1-2915, λmax = 780 nm), pyrenyl (1-2815, λmax = 815 nm; 1-3015, λmax = 1100 nm), and 
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pyrenyl (1-2815, λmax = 815 nm; 1-3015, λmax = 1100 nm) annulated porphyrins. 
Oxidative fusion reactions of meso-diarylamino porphyrin 1-2116 display red-shifted 
and sharper absorption bands, red-shifted and enhanced fluorescence profiles, lower 
first oxidation potentials, and slightly larger TPA values. 
Figure 1.3 Structures of aromatics fused porphyrins (II). 
 
   Our group reported the synthesis of N-annulated perylene fused porphyrins (1-24 
and 1-25 in Figure 1.3) with enhanced NIR absorption and emission.17 In addition, the 
doubly and triply linked porphyrin-perylene monoimides 1-26 and 1-27 (Figure 1.3)18 
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showed improved stability compared to the electron-rich dyes 1-24 and 1-25. In the 
meanwhile, a “push-pull” structure is constructed in 1-26 and 1-27 that can result in 
further red-shift of the absorption spectra. The pyrene fused diporphyrins 1-32 (Figure 
1.3) 19 showed NIR absorption to 1500 nm and have been successfully applied in NIR 
photodetector. Very recently, Osuka’s group reported FeCl3-mediated oxidative fusion 
of meso-linked dibenzo[a,g]corannulene-porphyrin dyads afforded fused porphyrins 
1-22 bearing a five-membered ring connection, but similar oxidation of β-linked 
dyads provided fused porphyrins 1-23 bearing a six-membered ring connection, both 
in a regiospecific manner. While fused dyads 1-23 exhibit modestly red-shifted 
absorption and fluorescence profiles, fused dyads 1-22 display characteristically 
red-shifted absorption bands reflecting antiaromatic dehydropurpurin electronic 
networks.20 Crossley’s group prepared the pyrazinoquinoxaline- fused porphyrin  
dimer 1-34,21b trimeric array 1-36,22b tetrameric array 1-37,22a L-shaped trimer 1-3922b 
and extended fused diporphyrin 1-3823a by condensation reaction (Figure 1.4). This 
strategy was used for synthesis of quinone-bridged fused diporphyrin 1-35a23b, 24 by 
using condensing 2, 3, 5, 6-tetraamino-1, 4-benzoquinone with compound 1-33.21a It 
is interesting to find that the corresponding hydroquinone form 1-35b could be 
obtained via reduction by NaBH4 from the bridging quinone unit of 1-35a. The 
Soret-band of 1-35b was intensified and red-shifted by 22 nm compared with that of 
1-35a and prolonged exposure of a solution of the hydroquinone 1-35b to air resulted 
in its oxidation back to the quinone 1-35a. 
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 Figure 1.4 Structures of pyrazinoquinoxaline-fused diporphyrins. 
 
The first benzene-fused diporphyrin 1-4026 in which two tetrabenzoporphyrins share a 
common benzene ring was prepared by acid-catalysed condensation between 
pyromellitic dipotassium diimide and tert-butyl phthalimide in 5-7% yield (Figure 
1.5). Compound 1-40a has two intense Soret peaks (425 nm) and three small peaks in 
the Q bands (621, 668 and 711 nm), while the relative intensity of the Q band to the 
Soret band in 1-40b is much larger than that in common porphyrins. 


























































































































































































Figure 1.5 Structures of benzene-fused porphyrins. 
 
Later, similar benzene-fused diporphyrins 1-41 were synthesised from 
bicyclo[2.2.2]octadiene-fused diporphyrin (Figure 1.5).27 Under non-acidic conditions, 
quaternized 2,5-bis(N,N-dimethylaminomethyl)-3,4-diethylpyrrole was used to 
synthesize trimer 1-42  in 18% yield.28 Tetrameric porphyrin formation of 
2-hydroxymethylpyrrole fused with porphyrins through a bicyclo-[2.2.2]octadiene 
unit gave bicycle- [2.2.2]octadiene-fused porphyrin pentamers. Thermal conversion of 
the pentamers gave fully π-conjugated cruciform porphyrin pentamers 1-43 fused with 
benzene units in quantitative yields. The TPA cross section value of the 
benzene-fused porphyrin pentamer 1-43 was estimated to be 3900 GM at 1500 nm, 
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which is strongly correlated with a cruciform structure with multi-directional 
π-conjugation pathways.29 Compound 1-42 was obtained from the corresponding 
pyrrolochlorins by Diels–Alder type reactions of porphyrins involving thermal 
extrusion of sulfur dioxide from a pyrrole-fused 3-sulfolene, and its absorption 
spectrum showed a long-wavelength band at λmax = 774 nm (838 nm in acid).30  
Recently, Shinokubo’s group reported that oxidative dimerization of 
β-aminoporphyrins by using DDQ formed a fused pyrazine ring in 1-45 which has 
effective π-conjugation, as shown by the significantly red-shifted absorption spectra.31 
Very recently, Anderson’s group reported the synthesis of several fused porphyrin 
dimers from 1,4-phenylene-bridged diporphyrins (Figure 1.5). The benzene-annulated 
diporphyrin 1-46, prepared by Pd-catalysed intramolecular arylation exhibited a 
strongly perturbed absorption spectrum consisting of a split Soret-like band and 
red-shifted but weak Q-bands up to 1077 nm. Diporphyrin carrying two ester groups 
at the bridging benzene was converted to 1-50 upon treatment with PhLi followed by 
intramolecular Friedel–Crafts alkylation. This diporphyrin 1-47 displayed an intense 
Q-like absorption at 717 nm and relatively stronger fluorescence at 736 nm with a 
quantum yield of 0.10.32 
 
1.2.2 Quinoidal porphyrins 
 
In recent years, the low band gap quinoidal porphyrins have received much attention 
due to their different electronic structures and optical properties from the normal 
aromatic porphyrins. In principle, the quinoidal structure is in resonance with a 
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diradical form by recovering the aromaticity of porphyrin ring and thus they are 
potential diradicaloids. However, so far, all reported quinoidal porphyrins have shown 
a closed-shell electronic configuration in the ground state. The first reported 
porphyrin which has a quinoidal structure was named as dioxoporphyrin (Scheme 1.3), 
a class of special electron-deficient porphyrins. The oxo functionality interrupts the 
macrocyclic conjugation and divides the porphyrin nucleus into two separate 
dipyrromethane units. Their metal complexes show great affinity for many basic and 
popular ligands, which render them valuable templates for the applications in 
supramolecular chemistry. Treatment of porphyrins with thallium trifluoroacetate 
(TTFA) gives thallium (Ⅲ) porphyrin chelates and, in the presence of trifluoroacetic 
acid (TFA), gives further products by oxidation at the porphyrin meso-positions. Brief 
treatment of octaethylporphyrin with excess TTFA followed by chromatography on 
deactivated alumina gave the chelate 1-48, and then treatment of chelate 1-48 with 
TFA at room temperature resulted in immediate and quantitative demetallation to the 
free porphyrins 1-49 which could be easily isolated. Meanwhile, highest proportions 
of 1-49d were obtained in reactions with the longest TTFA contact time. Either the 
thallium chelate or the metal-free ligands might be substrates for this oxidation.33 
Bauer et al reported that zinc octaethlporphyrin was oxidized in DCM/THF with 
approximate two-fold excess of TTFA. After 30 min the thallium was reduced with 
sulfur dioxide, the zinc central ion was removed with acid, and the product was 
separated by preparative TLC plates (Figure 1.6). The compound 1-62, dimers 1-59 
and 1-60 was observed in this reaction. The mass and NMR spectra support those 
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proposed structures. Dimer 1-59 could be dehydrogenated with DDQ and olefinic 
dimer 1-61 was obtained as a green compound. Metalation of 1-61a with zinc acetate 
leads to 1-61b in quantitative yield. Treatment of dimer 1-60 with DDQ produces the 
identical zinc complex 1-61b under the same reaction conditions. Demetalation of 
1-61b with concentrated hydrochloric acid led to a mixture of hydrogenated dimers 
1-59 and 1-60 together with several unidentified product. The reason and mechanism 
of these reduction or disproportionation reactions are not understood till now (Scheme 
1.3).34 
Scheme 1.3 Synthesis of dioxoporphodimethenes. 
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Figure 1.6 Structures of dimers of 5,15-dioxoporphodimethenes. 
 
Recently, in order to minimize possible side reaction, they demetalated the crude 
thallium salt with TFA (Scheme 1.3) and the dioxoporphodimethene 1-55 was 
isolated in 43% yield after column chromatography. Metalation of 1-55 with MnCl2 in 
DMF afforded 1-56a in 77% yield. Metalation of 1-55 with zinc acetate affords 1-56b 
in 93% yield.35 Very recently, Chen et al presented a convenient and practical iron 
(III)-mediated synthesis of dixoporphyrins. The dioxoporphyrins were conveniently 
synthesized by Fe (III)-mediated meso- oxidation of various 5,15- diarylporphyrins in 
good yields. The meso-substituents of the starting porphyrins play an important role in 
the oxidation reaction and different meso-substituents gave rise to distinct oxidation 
products. Due to the convenience and efficiency of the reaction, this method will 
allow quick access to various dioxoporphyrin, which might find a number of 
applications.36a Free-base meso-propanoyloxylated (OCOEt) porphyrins and 
dioxoporphodimethenes (quinoid forms of dihydroxyporphyrins) were efficiently 
synthesized by the treatment of the corresponding meso-diarylporphyrins with PhI 
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(OAc)2 in propionic acid.36b 
 
Scheme 1.4 Synthesis of 5,15-dioxoporphodimethenes. 
 
Breitmaier et al attempted to prepare 5,15-dialkylideneporphyrins by reacting 
5,15-dioxoporphyrins (sometimes called ioxoporphodimethenes 1-52d) with 
carbanions to give porphyrin 1-64 which is not stable in the air and decomposed very 
quickly.37 However, Hildreth et al found that treatment of compound 1-65 in 
chloroform with m-chloroperbenzoic acid (m-CPBA) in the presence of μM 
concentration of chelated protohemin catalyst (Hm+) gave a purple solution with a 2e- 
oxidation process as supported by spectrophotometric titration. The oxidized product 
was purified by chromatography on silica and was obtained in green crystalline form 
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1-66.38 Milgrom et al reported that 1-65 reaction with methanolic KOH momentarily 
gave a green intermediate, which rapidly turned blue in air. Neutralization of the blue 
product did not reform the porphyrin 1-65. Subsequent separation and investigation of 
the blue product indicated that the porphyrin 1-65 had undergone a facile two-electron 
oxidation to 1-67. The absorption of 1-67, in acidic, basic, and neutral medium, were 
characterized by loss of the intense porphyrin Q band at 420 nm, and by strong broad 
absorption in the range 450-750 nm, also the 1H NMR spectrum of 1-67 appeared at 
very low field. Both these observation demonstrated the survival of the macrocyclic 
skeleton of 1-65 following oxidation.39 Poveya et al reported a highly puckered 
tetrapyrrolic macrocycle from the facile aerial oxidation of a phenolic porphyrin 1-68. 
Compound 1-65 can be oxidized by two-electron equivalents with peracids or 
dioxygen and base to form a stable complex later which was confirmed by 
crystallogrpahic structure. The single-crystal structure 1-68 shows that the oxidised 
porphyrin has a porphyrinogen-type macrocyclic core which apart from being the 
most highly puckered of any tetrapyrrole prepared. It is in contrast to the 
porphodimethene-like structure for the first time.40 The structures of these compounds 
are uncertain because they exist as a variety of tautomers and 1-67-1-68 adopt a 
porphyrinogen-type structure in the solid state. 
Smith et al reported that when nickel(II) complex of 
5,10,15,20-tetraisopropylporphyrin 1-70a was treated with 8 equiv. of NBS, or excess 
Br2 in CHCl3 in the dark at room temperature, a dark green solid 1-71a was isolated 
as the major product in 7.2% and 46% yield, respectively (Scheme 1.5). The copper 
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(II) complex of 5, 10, 15, 20-tetraisopropylporphyrin 1-70b was treated with 8 equiv. 
of NBS in CHCl3 in the dark at room temperature and the major product 1-71b was 
similar to compound 1-71a in that all of the pyrrole positions have been brominated, 
and the macrocycle has a very ruffled porphodimethene-like structure (Scheme 1.5).41 
The unusual feature of the structure 1-71b was that it no longer has any isopropyl 
groups attached to the porphyrin periphery. Instead, it bears two exocyclic alkene 
groups and two succinimido moieties. This unusual axial ligation was presumably a 
consequence of the very electron-deficient nature of the macrocycle. 
 
Scheme 1.5 Synthesis of quinoidal porphyrins. 
 
   Anderson et al found that compound 1-73 can be prepared in 53% yield from the 
5,15-dibromoporphyrin 1-72 by palladium/copper catalyzed Takahashi coupling with 
the malononitrile anion, followed by aerobic oxidation (Scheme 1.5). Both palladium 
and copper catalysts proved to be essential.42 The C(CN)2 end groups stabilized the 
fully quinoidal structure, just as they stabilized 7,7,8,8-tetracyano-p-quinodimethace 
(TCNQ). The first push-pull type quinoidal porphyrin 1-75a was synthesized from 
5-bromo-15-formyl porphyrin 1-74 by thioacetal formation, Takahashi coupling and 
DDQ oxidation. These chemistry proceeds most cleanly with nickel complex and 
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compound 1-75a is readily demetallated with acid to afford the fee base 1-75b, 
providing access to other metal complexes such as 1-75c. The crystal structure of 
1-75c has an extraordinary feature: such a  curved π-system show close π–π stacking 
and the formation of cyclic trimer aggregates, which pack to generate cylindrical 
channels with an internal diameter of 1.0 nm. The absorption and emission spectra 
reveal several interesting differences in electronic structure between the push–pull 
type 1-75 and pull–pull type 1-73. Compound 1-75 gives a clear fluorescence band 
because its S0–S1 transition is allowed due to its lower symmetry. In contrast, 
compound 1-73 is non- fluorescent. The HOMO and LUMO of both 1-73 and 1-75 
are delocalized over the donor and acceptor groups.43 Very recently, a new class of 
redox-active free base and metalloporphyrins fused with the 1,3-dithiol-2-ylidene 
subunits, termed MTTFP (1-77: M = H2, Cu, Ni, Zn), have been prepared and 
characterized (Scheme 1.5).44 
 
Figure 1.7 Stepwise oxidation of H2TTFP. 
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They found that compound 1-76 can be more conveniently prepared (one step, 56% 
yield) by treating porphyrin with PbO2 in accord with a decades-old procedure for the 
synthesis of xanthoporphryinogen. Coupling of 1-76 and 
4,5-bis(methylthio)-1,3-dithiole-2-thione then afforded the desired product 1-77a as 
an intensely colored dark green solid in 27% yield. The zinc (II) (1-77b), copper (II) 
(1-77d), and nickel (II) (1-77c) complexes were then obtained in good yields by 
subjecting the free base to standard acetate salt metal insertion. These new classes of 
quinoidal porphyrin analogues are capable of existing in three distinct oxidation states, 
each separated by one electron (Figure 1.7). When subject to two-electron oxidation, 
aromatization is induced. This leads to conversion from a saddle-shaped nonaromatic 
species to a planar aromatic dicationic porphyrin, which exhibits a relatively large 
TPA cross-section value. The redox potentials of 1-77 may be tuned by metalation, 
with the associated electrochemical analysis revealing that 1-77 should be capable of 
acting as a strong electron donor. A particular advantage of these systems is that they 
are readily metalated as demonstrated by the zinc complex 1-77a which can ligate an 
axial ligand, thereby allowing the electronic properties to be tuned via two different 
modes metal complexion and anion coordination.  
   Later, a cumulenic quinoidal porphyrin dimer 1-86 with strong electronic 
absorption in the infrared region (λmax = 1080 nm) was prepared from 
dibromoporphyrin 1-85 (Scheme 1.6).46 A short quinoidal porphyrin dimer 1-81 was 
obtained by the same method.45 The steric repulsion between the inner β-hydrogens 
forces this molecule into a non-planar conformation. The 1H and 13C NMR spectra of 
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1-81 show that the two porphyrin macrocycles are not coplanar, but do not allow one 
to distinguish between the two possible non-planar geometries. The electronic 
absorption spectra of 1-73, 1-81 and 1-86 were compared with those of 1-72, 1-80 and 
1-85 and illustrated the amazing increase in conjugation accompanying 
quinoidalization. 
 
Scheme 1.6 Synthesis of quinoidal porphyrins dimers. 
 
The less bathochromic absorption of 1-86 (780 nm, compared to 1-81) is probably a 
consequence of its non-planarity, which much reduces the π-overlap. Two methods 
(Scheme 1.6) were used to fuse and planarize the molecule by removing the four 
central hydrogens in compound 1-81. Oxidation of dibromodimer 1-80 under the 
scandium (III) triflate/DDQ conditions gave the fused dibromo-dimer 1-83 in low 
yield (9%) due to incomplete reaction. Quinoidalization of 1-80 using Takahashi 
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coupling conditions proceeded smoothly to give the target compound 1-84 in 84% 
yield. Oxidation of the quinoidal dimer 1-81 worked much better than oxidation of 
1-80, giving 1-84 in 83% yield. The electronic absorption spectra of dimer 1-84 (λmax 
= 958 nm) is sharper and more red-shifted than that of 1-81 (λmax = 780 nm) as 
expected. But the dimer 1-83 exhibits the longest wavelength (λmax = 1139 nm). The 
unexpected blue shift on quinoidalization of compound 1-83 to compound 1-84 might 







































 Figure 1.8 Structures of open-shell groud state of hexaphyrin.  
 
 Overall, the synthesis of 1,5-dialkylideneporphrin 1-73 was reported in 1998, in 
which the macrocycle was locked in its quinoidal resonance form. This approach was 
used to access a cumulenic quinoidal porphyrin dimer 1-86 in 2000, which, as a stable 
neutral compound, has a remarkable NIR absorption. Because fiber-optic 
telecommunication systems operate in a nearby region, their optoelectronic and 
nonlinear optical properties were also very interesting. The much more strongly 
conjugated quinoidal porphyrin dimer 1-84 was synthesized in 2002, in which the two 
porphyrins are fused together. Despite such recent advances in the field, stable 
quinoidal porphyrins with an open-shell diradical ground state have remained elusive. 
However, Osuka and coworkers have created a delocalized π-radical on a doubly 
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twisted hexaphyrin 1-87, which is stable towards air and moisture (Figure 1.8).47 The 
high stability can be accounted for by effective delocalization of the unpaired electron 
and steric and electronic effects of pentafluorophenyl substituents. The mono 
oxygenated derivative 1-8848 was considered to be a neutral radicaloid species whose 
unpaired electron is delocalized with the macrocyclic π-electron periphery. On the 
same basis, the doubly oxygenated species 1-8949 was considered to be a singlet 
diradicaloid in the ground state (Figure 1.8). In terms of these structures, which are 
expected to be general and can lead us to predict that formally antiaromatic systems 
with [4n] π-electron pathways that also possess open-shell diradical electronic 
configurations may display aromatic character in their respective singlet ground states. 
However, these three molecules are locked in the hexaphyrin unit, which is very 
different from the normal porphyrin structure. Due to their air-sensitivity and high 
reactivity, it will be challenging to conduct further studies. Although the hexaphyrins 
(compounds 1-87, 1-88 and 1-89) possess open-shell mono-radical or diradical 
electronic configurations, the normal porphyrin substances, including the substituted/ 
fused porphyrins and the quinoidal porphyrins all show closed-shell electronic 
structure in the ground state. The method for generating aromatics-fused quinoidal 
porphyrins was limited and only a few types of quinoidal porphyrins have been 
reported. The continuous studies of quinoid porphyrins will provide an opportunity 
for the design and synthesis of new type of porphyrins with an open-shell ground 
state. 
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1.2.3 Open-shell benzenoid polycyclic hydrocarbons 
So far, most -conjugated polycyclic hydrocarbons (PHs) possess a closed-shell 
electronic configuration in the ground state. However, recent studies by us showed 
that certain types of benzenoid PHs could be an open-shell singlet diradical in the 
ground state due to the extra aromatic stabilization and steric repulsion. These 
open-shell PHs have lately been the subject of intensive studies because of their 
unique magnetic, electrochemical, and photophysical properties which make them 
attractive for non-linear optical materials and next-generation spintronics materials. In 
the following part, we will give a brief review on the recent developments on 
open-shell benzenoid PHs. On this basis, we will introduce our objectives of 
developing porphyrin-PH based hybrid diradicaloids. 
 
1.2.3.1 Phenalenyl based monoradicals and diradicals 
Phenalenyl monoradical as the smallest open-shell PAH showing remarkable 
thermodynamic stability has been used for the design of stable diradicaloids such as 
bis(phenalenyls) and zethrenes. The phenalenyl radical 1-90 is green in the solid state 
and can be prepared from phenalene (Figure 1.9). The EPR spectrum of phenalenyl 
1-90 has been measured, and this technique can be used to follow the -dimerization 
reaction.49 Because of easy dimerization and/or air oxidation, no parent phenalenyl 
radicals have been characterized in detail in the solid state. Later, a stable neutral 
hydrocarbon radical 1-91 was isolated as a persistent phenalenyl in the crystalline 
state which cannot undergo -dimerization as a result of the steric hindrance provided 
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Figure 1.9 Stuctures of Phenalenyl based monoradicals and diradicals 
The perchlorophenalenyl radical 1-92 (Figure1.9) is initially obtained as a 
yellow-green solid by reduction of the perchlorophenalenium salt with stoichiometric 
quantities of reducing agents such as anhydrous n-tetrabutylammonium iodide. The 
structure consists of one-dimensional stacks of the monomeric radical.51The 
1,3,4,9-tetramethoxyphenalenyl 1-93a and 1-ethoxy-3,4,9-trimethoxyphenalenyl 
1-93b radicals are prepared by chemical reduction of the cation salts by using 
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tetrakis(dimethylamino)ethylene (TDEA), but the crystals that are isolated from these 
solutions are composed of alkoxy-substituted peropyrenes by X-ray 
crystallography.52c Compound 1-94 is a neutral radical based on a single phenalenyl 
unit and has been stabilized without the use of sterically bulky substituents to inhibit 
intermolecular C-C -bond formation.52  
Connection of two phenalenyl radicals with π-conjugated systems will produce a 
series of quinoidal molecules such as 1-95 53a, 1-96 53b, 1-99 54a, 1-101 54b, 1-100 54c 
with diradical character. The intrinsic delocalization of the phenalenyl moiety and the 
aromatic stabilization by recovery of one more sextet benzenoid ring from the quinoid 
form to the diradical form help to enhance stability of these systems. Another 
attractive part of bis(phenalenyl) systems stems from the wide selection of the 
aromatic linkers. Fusion of phenalenyl units to thiophene and alternative positions of 
benzene leads to compounds 1-9753c and 1-9853d. 
 
1.2.3.2 Diradicaloids based on proaromatic quinoidal PHs 
Quinodial PHs are another type of interesting diradicaloids. One of the most 
fundamental quinoidal π-conjugated systems is the p-quinodimethanes (p-QDM), 
which can be depicted as resonance of a quinoidal form and a diradical one with 
recovery of an aromatic sextet ring. The p-QDM and its tetraphenyl-substituted 
derivatives such as Thiele’s hydrocarbon and the more extended Tschitschibabin’s 
hydrocarbon have been investigated previously, with a focus on their ground-state 
geometry and electronic structures. But most of the evidences without exact structure 
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characters can only prove its existence indirectly. There are still unavoidable side 
reactions, such as oxidation, dimerization, polymerization and decomposition, mainly 
because of the lack of effective protective functional groups.  
Figure 1.10 Structures of diradicaloids based on proaromatic quinoidal PHs 
 
Compound 1-101a turned out to have a closed-shell quinoidal structure but 1-101b 
exhibited distinctive diradical character whose ground state was described as a singlet 
diradical because the HOMO–LUMO energy gap of the quinoidal backbone 1-101b 
is smaller than 1-101a and more aromatic Sextet rings are obtained in the diradical 
form. diradicalThe resulting diradical compound can be stabilized by the cyano 
groups against oxidation. Various quinoidal oligothiophenes 1-102 (Figure 1.10) were 
prepared and while the electronic structure for the shortest oligomers 1-102 (n= 1-4) 
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were described as closed-shell, the open-shell structure was more stable for longer 
oligomers 1-102 (n=5 and 6)55  In our group, with extension of the chain length of 
compounds 1-103, the ground states gradually change from closed-shell (n=1) to 
singlet diradical (n = 2, 3, and 4) then to weakly coupled biradicals (n=5 or 6).56 
Planarized hexarylene-quinodimethane 1-105b and the thiophene unit incorporated 
perylene and quaterrylenes 1-104 have been demonstrated to have a singlet diradical 
ground state.57 
 
1.2.3.3 Diradicaloids based on zigzag edged molecular graphenes 
 
 
Figure 1.11 Structures of bisanthene, teranthene, and quarteranthene derivatives. 
 
Anthenes are excellent models to study how the formation of aromatic sextet rings 
affects diradical/polyradical characters in PAHs with Kekulé-type structures and to 
investigate the spin-polarized state in zigzag-edged graphene nanoribbons (GNRs). 
Bisanthene derivative 1-106a, teranthene derivative 1-106b and quarteranthene 
derivative 1-106c were prepared in Kubo’s group (Figure 1.11).58 Bisanthene 
derivative 1-106a shows closed-shell species while teranthene derivative 1-106b and 
quarteranthene derivative 1-106c moderate to large diradical character. The edge 
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localization of unpaired electrons was confirmed by a combination of physical 
measurements and DFT calculations. The bond length information provided by the 
X-ray crystallography analysis aslo indicated that quarteranthene 1-106c has more 
benzenoid character which indicates larger diradical character. These investigations 
paved the way for understanding the intrinsic properties of zigzag-edged GNRs.  
   
1.3 Objectives 
As presented above, the fusion of polycyclic aromatic compounds to porphyrins 
leads to a new family of large π-conjugated systems, which show the NIR absorption 
or NIR emissions. Similarly, porphyrins with a quinoidal conjugation also showed 
small energy gaps and unique electronic and optical properties. Although open-shell 
monoradicals and diradicals have been observed in certain expanded porphyrins, there 
are lack of a general design concept and synthetic methods to access stable and 
persistent porphyrin-based open-shell diradicals. In this context, in this thesis, we 
attempted to fuffil this goal by using different strategies (Figure 1.12): (a) 
tetraphenyl-substituted quinoidal porphyrin, which can resonate into a diradical form 
by recovery of the aromaticity of porphyrin and realse of the seteric repulsion 
between the porphyrin the the tetraphenyl units; (b) a p-quinodimethane bridged 
porphyrin dimer, which can be regarded as an expanded heptazethrene and the 
diradical form was stabilized by recovery of the aromaticity of the central bezenoid 
ring; (c) cumulenic quionidal porphyrins, and the incooperation of two addition 
pro-acetylenic units can further enhance the contribution of the diradical form to the 
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ground state; and (d) phenalenyl-fused porphyrins; the mono- phenalenyl fused 
porphyrin can be drawn in both closed-shell and diradical form, while the bis- 
phenalenyl fused porphyrin cannot be drawn in a closed shell form. This raised an 
interesting question on their ground state and physical properties. Based on these 
considerations, we conducted systematical research on porphyrin-based 
stable/persistent diradicaloids. 
 
Figure 1.12 Molecules design of the new porphyrin-based diradicaloids 
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Porphyrins with extended π-conjugation are of interest due to their unique 
electronic and optical properties and promising applications in organic 
optoelectronics.1 One  general approach is to fuse a porphyrin ring to other 
aromatic systems including porphyrin itself,2 boron dipyrromethene,3 and aromatic 
hydrocarbons4 (e.g., naphthalene, anthracene, pyrene, azulene, and perylene ect.). 
Alternative approach is to construct quinoidal porphyrins which have proved to 
show different electronic structure and optical properties from the normal aromatic 
porphyrins.5 For example, Anderson et al. reported several tetracyano-substituted 
quinoidal pophyrin  monomer and dimer (including a fused dimer),5d,f a 
cumulenic quinoidal porphyrin dimer5e and a push-pull type quinoidal porphyrin,5h 
all of them showing intense absorption in the far-red and near infrared (NIR) 
region. A combination of both approaches is supposed to generate a new type of 
aromatics-fused quinoidal porphyrins, which may show interesting opto-electronic 
properties. In this charpter, we report the first synthesis of 4-tert-butylphenyl 
ring-substituted and fused quinoidal porphyins 2-4 and 2-5 (Figure 2.1). Their 
geometry, electronic structure, redox behavior, one-photon absorption (OPA) and 
two-photon absorption (TPA) properties are investigated to afford a fundamental 
understanding on this new type of hydrocarbon/quinoidal porphyrin hybrids. As 
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we discussed in Chapter 1, one interesting question is whether they can have an 
open-shell diradical ground state. 
 
Figure 2.1 Structures of quinoidal porphyrin hybrids.  
In this chapter, we reported two kinds of quinoidal porphyrin dyes 2-4 and 2-5, 
as shown in Figure 2.1. In the design of these dyes, Nickel quinoidal Porphyrin was 
utilized as a central part and linked by substituted 4-tert-butylphenyl as conjugation 
bridges to generate fusion of quinoidal porphyrin hybrids structures, which are 
expected to posses interting optical and electronic properties. 
 
2.2 Results and discussion 
The key intermediate is compound 2-3, 
21,21,22,22-tetrabromo-10,20-bismesityl-5,15-porphyrinquinodimethane (Scheme 
2.1). Oxidation of 5,15-bismesitylporphyrin 2-1 by thallium trifluoroacetate 
(TTFA) in CH2Cl2 followed by demetalation with trifluoroacetic acid (TFA) gave 
5,15-dioxo-10,20-bismesityl porphodimethene 2-2 in 42% yield according to a 
similar reported procedure.6 Compound 2-2 reacted with CBr4 and PPh3 in toluene 
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(Corey-Fuchs reaction)7 to afford 2-3 in 55% yield. Compound 2-4 was then 
prepared in an overall 66% yield by four-fold Suzuki coupling reaction with 
2-(4-tert-butylphenyl)-4,4,5,5-tetramethyl-1,3-dioxolane8 followed by metalation 
with Ni(acac)2. Zn-analog of 2-4 was also prepared by metalation with Zn(OAc)2, 
however, severe demetalation and side reactions happened in the subsequent 
oxidative ring cyclization reaction. The ring cyclization reaction of 2-4 was first 
attempted by using mild oxidant FeCl3 in CH2Cl29 and only a partially cyclized 
product by losing four hydrogen atoms was obtained as indicated from its 
MALDI-TOF mass spectrum. The structure, however, was not identified due to 
complex NMR spectrum and existence of isomers. Then, photocyclization of 2-4 
was tested in benzene with I2 as oxidant (irradiated by a 450 W medium-pressure 
mercury vapor lamp) and a complicated mixture of partially cyclized products 
together with some decomposed materials was obtained. We finally found that 
cyclization of 2-4 by using 5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant in the 
presence of CH3SO3H10 worked smoothly and afforded the target compound 2-5 in 
80% yield. The structures of 2-4 and 2-5 were unambiguously indentified by NMR 
spectroscopy and mass spectrometry. The free-base of 2-4 exhibited a singlet at 
12.80 ppm (-NH) and two resonances at 5.67 and 6.03 ppm (pyrrole rings), 
indicating a typical quinoidal porphyrin structure. A singlet at 6.83 ppm for the 
pyrrole rings in 2-5 was observed, suggesting an enhanced aromatic character of 
the porphyrin core due to the fusion of four aromatic sextet rings. 
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Scheme 2.1 Synthetic scheme towards quinoidal porphyrins 2-4 and 2-5 
 
Compounds 2-4 and 2-5 have good solubility in common organic solvents. 2-4 
shows two distinct absorption bands at 450 and 635 nm in CH2Cl2 while 2-5 displays 
a red-shifted absorption spectrum with two major bands at 533 and 780 nm together 
with two weak bands at 669 and 897 nm (Figure 2.2 and Table 2.1) due to extended 
π-conjugation. The absorption spectra of both 2-4 and 2-5 are obviously different 
from the normal aromatic porphyrins which usually exhibit an intense Soret band and 
a weak Q-band. The optical energy gaps were determined as 1.69 eV and 1.33 eV for 
2-4 and 2-5, respectively, from the onset of the lowest energy absorption band. The 
observance of clear NMR spectra suggests that both compound have a closed-shell 
ground state. 
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Figure 2.2 Absorption spectra of compounds 2-4 and 2-5 in CH2Cl2. 
 
 
Fig 2.3 Calculated geometry and frontier molecular orbital profiles of 2-4 (left) and 2-5 
(right). Hydrogen atoms are omitted for clarity. 
 































0.26 -0.94 -5.06 -3.86 1.20 1.33
Table 2.1 Photophysical and electrochemical properties of 2-4 and 2-5 εmax: molar extinction 
coefficient at the absorption maximum. Eox1/2 and Ered1/2 are half-wave potentials of the 
oxidative and reductive waves, respectively. Eoxonset and Eredonset are the onset potentials of the 
first oxidative and reductive redox wave, respectively, with potentials versus Fc/Fc+ couple. 
HOMO and LUMO energy levels were calculated according to equations: HOMO = - (4.8 + 
Eoxonset) and LUMO = - (4.8 +Eredonset). EgEC: electrochemical energy gap derived from 
LUMO-HOMO. EgOpt: optical energy gap derived from lowest energy absorption onset in the 
absorption spectra. 
 
The geometry, electronic structure and optical properties of 2-4 and 2-5 were studied 
by time-dependent density of function theory (TD DFT at B3LYP/6-31G*). The 
optimized structure of 2-4 shows a highly contorted, saddle-shaped conformation due 
to repulsion between the β-H of the porphyrin ring and the 4-tert-butylphenyl groups 
(Figure 2.3), which is similar to Anderson’s tetracyano-quinoidal porphyrin.5d The 
bond length of the exo methylene bond is 1.368 Å (labeled in Figure 2.3), indicating a 
typical quinoidal structure. Molecule 2-5 exhibits a more planar conformation but 
there is still distortion from planarity due to the steric congestion between the fused 
phenyl rings (Figure 2.3). The length of the same exo methylene bond now becomes 
1.414 Å, indicating that the fusion of four aromatic sextet rings weakens the quinoidal 
character of the porphyrin core and a similar observation was reported in our recent 
work on a dibenzo-Thiele’s hydrocarbon.11 The HOMO and LUMO are mainly 
delocalized at the porphyrinquinodimethane unit in 2-4, while they are more 
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delocalized in 2-5 by extension to the extra-phenyl rings (Figure 2.3). Upon ring 
fusion, there is almost no change on the HOMO energy level, but the LUMO energy 
level of 2-5 is 0.52 eV lower than that for 2-4. TDDFT calculations also predicted two 
distinct absorption bands for 2-4 above 400 nm, one at 419.2 nm (H-1→L+1, 
oscillator strength f = 0.8364, H for HOMO, L for LUMO) and another band at 613 
nm is a combination of two transitions (605.4 nm, H+0→L+0, f = 0.2162; 628.4 nm, 
H-1→L+0, f = 0.1051 (Figure 2.4 and Table 2.2). 2-5 was predicted to show three 
distinct bands above 400 nm, one at 474.6 nm (H-1→L+1, f = 1.3032), one at 629.0 
nm (H-2→L+0, f = 0.1818) and other at 770.5 nm (H+0→L+0, f = 0.395 (Figure 2.5 
and Table 2.3). A very weak H-1→L+0 transition was also predicted at 866.2 nm (f = 
0.007), which could be correlated to the observed weak band at 897 nm (Figure 2.3). 
The band shape and the trend of the calculated absorption maximum are in good 
agreement with the experimental data. Time-dependent DFT (TDDFT) calculations 
have been performed at the B3LYP/6-31G* level of theory, as implemented in the 
Gaussian 09 program package. The geometry of 2-4 and 2-5 was fully optimized in 
gas phase using the default convergence criteria without any constraints and 
confirmed by frequency calculations. UV-vis-NIR absorption spectra were generated 
assuming an average UV-vis width of 4000 cm-1 at half-height using the SWizard 
program. 
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Figure 2.4 Calculated absorption spectra for compound 2-4 (a) and 2-5 (b). 
 
Calcd. (nm) f Composition (H=HOMO, L= LUMO, 
L+1 = LUMO+1, etc.) 
628.3 0.1051 H-1->L+0(+55%)  H-0->L+0(+41%) 
605.4 0.2162 H-0->L+0(+49%)  H-1->L+0(43%) 
419.2 0.8364 H-1->L+1(+74%)  H-0->L+0(7%) 
366.9 0.1259 H-0->L+2(+56%)  H-12->L+0(25%)  
H-0->L+4(+5%) 
Table 2.2 Calculated absorption data for 2-4. 
 
 
Calcd. (nm) f Composition (H=HOMO, L= LUMO, 
L+1 = LUMO+1, etc.) 
770.5 0.3950 H-0->L+0(+81%)  H-2->L+0(+11%)  
H-1->L+1(8%) 
629.0 0.1818 H-2->L+0(+87%)         
H-0->L+0(8%) 
476.0 0.2140 H-20->L+2(31%)  H-2->L+1(+30%) 
H-1->L+1(+12%)  H-22->L+2(5%) 
474.6 1.3032 H-1->L+1(+71%) H-20->L+2(+9%)  
H-0->L+0(+9%) 
Table 2.3 Calculated absorption data for 2-5. 
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Figure 2.5 Cyclic voltammograms of 2-4 and 2-5 in CH2Cl2 with 0.1M Bu4NPF6 as 
supporting electrolyte, AgCl/Ag as reference electrode, Au disk as working electrode, Pt wire 
as counter electrode, and scan rate of 20 mV/s. Fct/Fc was used as external reference. 
 
Cyclic voltammetry measurements of compound 2-4 in CH2Cl2 showed two 
quasi-reversible oxidation waves with half-wave potentials (Eox) at 0.21 and 0.95 V 
and two quasi-reversible reduction waves with  half-wave potentials (Ered) at -1.55 
and -1.82 V (vs Fc+/Fc) (Figure 2.5 and Table 2.1). Similarly, compound 2-5 exhibited 
two quasi-reversible oxidation waves with Eox at 0.35 and 0.85 V and two 
quasi-reversible reduction waves with Ered at -1.08 and -1.50 V. The HOMO and 
LUMO energy levels were evaluated to be -4.93 and -3.60 eV for 2-4, and -5.06 and 
-3.86 eV for 2, respectively, from the onset of the first oxidation and reduction wave. 
Accordingly, the electrochemical energy gaps (EgEC) of 2-4 and 2-5 were determined 
to be 1.33 and 1.20 eV, respectively. Interestingly, the first oxidation potential Eox of 
2-4 is 0.14 V negatively shifted compared with 2-5 and the EgEC of 2-4 is also 
significantly different from its optical energy gap. Such an unusual phenomenon 
could be explained by the large strain in the neutral 2-4, which can be released upon 
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Figure 2.6 Femtosecond transient absorption spectra of 2-4 and 2-5 in toluene measured 
at room temperature (296 K). (Excitation wavelength for 2-4a: 630 nm; for 2-4 b: 450 nm; for 
2-5 a, 780 nm; for 2-5 b: 530 nm).Femtosecond transient absorption (TA) measurements 
were then carried out to explore the excited-state photophysical properties of 2-4 and 
2-5.  
The TA spectrum of 2-4 exhibits ground state bleach (GSB) signal around 630 nm 
as well as an excited-state absorption (ESA) band at 450-600 nm (Figure 2.6). 
Compound 2-5 exhibits two distinct GSB signals around 530 and 780 nm, and an ESA 
band at 450-520 nm (Figure 2.6). The singlet excited-state lifetimes of 2-4 and 2-5 
were estimated to be around 9.8 and 10.5 ns, respectively. 
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Third order non-linear optical (NLO) response of these quinoidal porphyrins is 
also of interest. Currently, most NLO studies on porphyrin-based materials are 
focused on the ethynyl-linked and aromatics-fused porphyrin, 1b, 12 but little work was 
conducted for the quinoidal porphyrins. TPA measurements were conducted for 2-4 
and 2-5 by using a wavelength-scanning open aperture Z-scan method in the 
wavelength range from 1200 to 1600 nm where one-photon absorption contribution in 
negligible. Compound 2-4 showed the largest TPA cross section σ(2) value of 450 GM 
at 1200 nm, while compound 2-5 exhibited a maximum σ(2) value of 510 GM at 1200 
nm in the measurement range (Figure 2.7-2.8). The slightly higher σ(2) value for 2-5 
compared to 2-4 at the same wavelength can be explained by the more extended 
π-conjugation. Compared with the simple aromatic porphyrin monomer which usually 
showed a small TAP cross section (<100 GM), 1b the quinoidal porphyrins 2-4 and 2-5 
exhibited enhanced NLO response which must be related to their quinoidal electronic 
structure. However, the σ (2) values are smaller than most ethynyl-linked and 
aromatics-fused porphyrins, and a better understanding on this difference is needed in 
future work by designing different quinoidal porphyrins. 
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Figure 2.7 OPA (black solid line and left vertical axis) and TPA spectra (blue symbols and 
right vertical axis) of 2-4 (a) and 2-5 (b) in chloroform. TPA spectra are plotted at λex/2. 
 
  53 
 
Figure 2.8 Z-scan curves of 2-4 and 2-5 in toluene by photo excitation in the range from 1200 
to 1600 nm. 
 
2.3 Conclusion 
In summary, two 4-tert-butylphenyl-substituted and fused quinoidal porphyrins 2-4 
and 2-5 were prepared for the first time. Compound 2-5 represents the first aromatic 
hydrocarbon-fused quinoidal porphyin and the new synthetic strategy likely can be 
applied to the synthesis of other extended quinoidal porphyrins. DFT calculation 
predicted their different geometry and electronic structure. Both compounds have a 
closed-shell ground state and showed intense absorption in far-red/NIR region and 
enhanced TPA response compared with the aromatic porphyrin monomer. An unusual 
negative-shift of the first oxidation potential was observed for the highly contorted 
molecule 2-4. Our research provided a preliminary study on a new type of 
aromatics-fused quinoidal porphyrin molecules.  
2.4 Experimental section 
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2.4.1 General 
All reagents and starting materials were obtained from commercial suppliers and used 
without further purification. Anhydrous toluene and dichloromethane (DCM) were 
distilled under a nitrogen atmosphere over sodium and calcium hydride, respectively. 
5,15-Bismesitylporphyrin,1 and 
2-(4-tert-butylphenyl)-4,4,5,5-tetramethyl-1,3-dioxolane,2 were prepared according to 
the literatures. Column chromatography was performed on silica gel 60 (Merck 40-60 
nm, 230-400 mesh). All NMR spectra were recorded on the Bruker DPX300 or 
AMX500 spectrometer. All chemical shifts are quoted in ppm, relative to 
tetramethylsilane, using the residual solvent peak as a reference standard. Electron 
ionization mass spectrometry (EI MS) was performed on a Finnigan TSQ 7000 triple 
stage quadrupole mass spectrometer. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using tetracyanoquinodimethane (TCNQ) 
as a matrix. High resolution mass spectra (HR MS) were recorded on a Finnigan 
MAT95XL-T with FAB ionization source or recorded on Finnigan MAT 95×P 
spectrometer. UV-vis absorption and fluorescence spectra were recorded on a 
Shimadzu UV-1700 spectrophotometer and a RF-5301 fluorometer, respectively. 
Cyclic voltammetry (CV) measurements were performed in dry DCM on a CHI 620C 
electrochemical analyzer with a three-electrode cell, using 0.1 M Bu4NPF6 as 
supporting electrolyte, AgCl/Ag as reference electrode, gold disk as working electrode, 
Pt wire as counter electrode, and scan rate at 50 mV/s. The potential was externally 
calibrated against the ferrocene/ferrocenium couple. 
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The femtosecond time-resolved transient absorption spectrometer used for this study 
consisted of a femtosecond optical parametric amplifier (Quantronix, Palitra-FS) 
pumped by a Ti: sapphire regenerative amplifier system (Quantronix, Integra-C) 
operating at 1 kHz repetition rate and an accompanying optical detection system. The 
generated OPA pulses had a pulse width of ~100 fs and an average power of 1 mW in 
the range 450 to 800 nm, which were used as pump pulses. White light continuum 
(WLC) probe pulses were generated using a sapphire window (2 mm thick) by 
focusing of small portion of the fundamental 800 nm pulses, which were picked off 
by a quartz plate before entering into the OPA. The time delay between pump and 
probe beams was carefully controlled by making the pump beam travel along a 
variable optical delay (Newport, ILS250). Intensities of the spectrally dispersed WLC 
probe pulses were monitored by miniature spectrograph (OceanOptics, USB2000+). 
To obtain the time-resolved transient absorption difference signal (ΔA) at a specific 
time, the pump pulses were chopped at 25 Hz and absorption spectra intensities were 
saved alternately with or without pump pulse. Typically, 6000 pulses were used to 
excite samples and to obtain the TA spectra at a particular delay time. The polarization 
angle between pump and probe beam was set at the magic angle (54.7o) using a 
Glan-laser polarizer with a half-wave retarder to prevent polarization-dependent 
signals. The cross-correlation fwhm in the pump-probe experiments was less than 200 
fs, and chirp of WLC probe pulses was measured to be 800 fs in the 400-800 nm 
regions. To minimize chirp, all reflection optics were used in the probe beam path, 
and a quartz cell of 2 mm path length was employed. After completing each set of 
  56 
fluorescence and TA experiments, the absorption spectra of all compounds were 
carefully checked to rule out the presence of artifacts or spurious signals arising from, 
for example, degradation or photo-oxidation of the samples in question.  
The two-photon absorption spectrum was measured in the NIR region using the 
open-aperture Z-scan method with 130 fs pulses from an optical parametric amplifier 
(Light Conversion, TOPAS) operating at a repetition rate of 3 kHz generated from a 
Ti:sapphire regenerative amplifier system (Spectra-Physics, Hurricane). After passing 
through a 10 cm focal length lens, the laser beam was focused and passed through a 1 
mm quartz cell. Since the position of the sample cell could be controlled along the 
laser beam direction (z axis) using the motorcontrolled delay stage, the local power 
density within the sample cell could be simply controlled under constant laser 
intensity. The transmitted laser beam from the sample cell was then detected by the 
same photodiode as used for reference monitoring. The on-axis peak intensity of the 
incident pulses at the focal point, I0, ranged from 40 to 60 GW cm-2. For a Gaussian 
beam profile, the nonlinear absorption coefficient can be obtained by curve fitting of 
the observed open-aperture traces T(z) with the following equation: 
 
where α0 is the linear absorption coefficient, l is the sample length, and z0 is the 
diffraction length of the incident beam. After the nonlinear absorption coefficient has 
been obtained, the TPA cross section σ(2) of one solute molecule (in units of GM, 
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where NA is the Avogadro constant, d is the concentration of the compound in solution, 
h is the Planck constant, and ν is the frequency of the incident laser beam. 
 
2.4.2 Synthetic procedure and characterization data 
 
Following a literature procedure,3 a solution of thallium(III) trifluoroacetate (TTFA, 
22.7 g, 41 mmol) in TFA (60 mL) was added dropwise over 5 min  to a solution of 
5,15-bismesitylporphyrin (2-1) (1.240 g, 2.27 mmol) and TFA (60.00 mL, 0.78 mol) 
in DCM (320 mL). The mixture turned from blue to green and then slowly to 
yellow-green. After 20 min, the solution was poured into H2O (2 L). The organic layer 
was washed by H2O (250 mL), dried over anhydrous Na2SO4 and the solvent was 
removed under vacuum. The brown thallium (III) complex was demetalated 
immediately by stirring in TFA (50 mL) for 1 h and then the resulting yellow solution 
was poured into water. The mixture was extracted by DCM (500 mL) and the organic 
layer was washed with several portions of H2O and dried over anhydrous Na2SO4. 
The solvent was removed and the residue was purified by column chromatography 
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2-2 (550 mg) in 42% yield.  1H NMR (CDCl3, 500 MHz): δ ppm 14.10 (s, 2H, NH), 
7.17 (d, 2H, J = 3.7 Hz, pyrrole), 6.98 (s, 4H, mesilyl), 6.42 (br, 4H, pyrrole), 2.39 (s, 
6H), 2.17 (s, 12H). 13C NMR (CDCl3, 125 MHz): δ ppm 175.83, 147.36, 138.33, 
136.14, 133.54, 128.12, 21.06 19.72. HR-EI mass: calcd. for C28H36N4O2: 576.2525; 
found: m/z = 576.2531 (error = 0.91 ppm). 
 
To a 250 mL two-necked round-bottomed flask was added CBr4 (422 mg, 1.27 mmol), 
PPh3 (650.0 mg, 2.48 mmol) and anhydrous toluene (50 mL). The mixture was stirred 
at room temperature for 5 minutes. Then compound 2-2 was added at once and the 
mixture was heated at 80 oC for 12 hrs. After cooling to the room temperature, the 
precipitate was removed by filtration and washed with toluene. The solvent was 
removed under vacuum the residue was purified by column chromatography (silica 
gel, hexane/DCM = 1/5) to give the desired product 2-3 (358.5 mg) in 55% yield. 1H 
NMR (CDCl3, 500 MHz): δ ppm 13.18 (s, 2H, NH), 6.91 (s, 4H), 6.66 (d, 4H, J = 4.4 
Hz), 6.29 (d, 4H, J = 4.4 Hz), 2.35 (s, 6H), 2.14 (s, 12H). HR-EI mass: calcd. for 
C40H32Br4N4: 883.9360 ; found: m/z = 883.9365 (error = 0.56 ppm). 
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A mixture of compound 2-3 (108 mg, 0.122 mmol), 
2-(4-tert-Butylphenyl)-4,4,5,5-tetramethyl-1,3-dioxolane (316 mg, 1.22 mmol), 
toluene (100 mL), and Na2CO3 aqueous solution (2 M, 13 mL) was degassed by 
bubbling through nitrogen stream for 30 min. Pd(PPh3)4 (28.18 mg, 0.0244 mmol) 
was added and the mixture was further degassed by three freeze-pump-thaw cycles. 
The reaction was heated at 120 C for 48 h under nitrogen atmosphere. After cooling 
to room temperature, the mixture was poured into water and extracted with DCM. The 
organic layer was washed by water and dried over anhydrous MgSO4. The solvent 
was removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexane/DCM = 1/3) to afford the desired product 2-4-H2 (93 mg) in 68% 
yield. 1H NMR (CDCl3, 500 MHz): δ ppm 12.80 (s, 2H, NH), 7.26 (m, 16H), 6.86 (s, 
4H), 6.04 (m, 4H), 5.67 (m, 4H), 2.31 (s, 6H), 2.11 (s, 12H), 1.30 (m, 36H). 13C NMR 
(CDCl3, 125 MHz): δ ppm 150.54, 146.79, 139.84, 137.85, 137.22, 135.03, 129.50, 
127.60, 126.36, 124.92, 34.52, 31.32, 29.69, 21.04, 20.07. HR MS (MALDI-TOF): 
calcd. for C32H20O2: 1100.6696, found: m/z = 1100.6683 (error = -1.2 ppm). 
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Compound 2-4-H2 (93 mg, 0.084 mmol) was dissolved in toluene (30 mL) and nickel 
(II) acetylacetonate (43.3 mg, 0.168 mmol) was added. The mixture was heated at 
100 C for 24 h. The solvent was removed and the residue was purified by column 
chromatography (silica gel, hexane/DCM = 1/2) to give the nickel complex 2-4 (96 
mg) in 99% yield. 1H NMR (CDCl3, 500 MHz): δ ppm 7.36 (d, 8H, J = 7.55 Hz), 7.29 
(d, 8H, J = 7.55 Hz), 6.86 (s, 2H), 6.81 (s, 2H), 6.06 (d, 4H, J = 4.4 Hz), 5.70 (d, 4H, 
J = 4.4 Hz), 2.30 (m, 12H), 1.86 (s, 6H), 1.30 (m, 36H). 13C NMR (CDCl3, 125 MHz): 
δ ppm 155.10, 150.39, 145.29, 140.10, 139.76, 137.16, 136.91, 136.71, 135.67, 
134.01, 129.55, 128.72, 127.84, 127.47, 124.78, 121.03, 34.53, 31.35, 29.70, 21.03, 
20.43, 19.28. HR MS (MALDI-TOF): calcd. for C80H82N4Ni: 1156.5893; found: m/z 
= 1156.5852 (error = 3.5 ppm). 
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Compound 2-4 (50 mg, 0.043 mmol) was dissolved in DCM (5 mL) and methane 
sulfonic acid (1 mL) was added slowly. The mixture was stirred for 5 min at room 
temperature, then DDQ (39 mg, 0.173 mmol) was added. The reaction was quenched 
by water after stirring for 15 minutes under nitrogen atmosphere and extracted with 
DCM. The organic layer was washed by water and dried over anhydrous MgSO4. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexane/DCM = 1/4) to afford the desired product 
compound 2-5 (38 mg) in 80% yield. 1H NMR (CDCl3, 500 MHz): δ ppm 8.20 (d, J = 
8.88 Hz, 4H), 7.60 (s, 4H), 7.30 (d, J = 8.88 Hz, 4H), 7.07 (s, 4H), 6.83 (s, 4H), 2.50 
(s, 6H), 2.26 (s, 12H), 1.37-1.26 (m, 36H). 13C NMR (CDCl3, 125 MHz): δ ppm 
151.04, 148.45, 142.58, 141.37, 137.57, 137.24, 136.42, 134.75, 130.74, 129.87, 
129.55, 127.93, 127.67, 123.32, 122.78, 120.29, 114.37, 114.07, 34.82, 31.19, 29.71, 
22.70, 21.40, 20.27. HR MS (MALDI-TOF): calcd. for C32H20O2: 1148.5267; found: 
m/z = 1148.5302 (error=3 ppm). 
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Chapter 3 A p-Quinodimethane Bridged Porphyrin Dimer 
 
3.1 Introduction 
Conjugated porphyrin oligomers and tapes are of interest due to their unique 
electronic and optical properties such as NIR absorption/emission and large non-linear 
optical (NLO) response.1 They possess promising applications in organic 
opto-electonics and photonics; for example,  NIR light excited photodynamic 
therapy,2  NIR photodetectors3 and  NIR electroluminescence devices.4 So far, three 
major types of conjugated porphyrin oligomers have been reported: (1) doubly or 
triply edge-fused porphyrin tapes,5 (2) alkyne-bridged porphyrin strands,6 and (3) 
para-phenylene-bridged, twisted or planarized porphyrin dimers.7 In all cases, the 
geometry and the extent of π-conjugation between the porphyrin units have significant 
impact on their optical and electronic properties. On the other hand, quinoidal 
structures play a pivotal role in determining the electronic and optical properties of 
π-conjugated systems (including both polycyclic hydrocarbons and porphyrinoids), 
and quinoidal π-conjugated systems usually display a smaller HOMO-LUMO energy 
gap, unique reactivity, and NIR absorption/emission compared to their aromatic 
analogues.8 One of the most fundamental representatives of quinoidal π-conjugated 
systems is the p-quinodimethanes (p-QDM), which can be depicted as resonance of a 
quinoidal form and a diradical one with recovery of an aromatic sextet ring.9 p-QDM 
and its tetraphenyl-substituted derivatives such as Thiele’s hydrocarbon and the more 
extended Tschitschibabin’s hydrocarbon have been investigated previously, with a 
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focus on their ground-state geometry and electronic structures.10 However, the 
intrinsic instability of these quinoidal compounds arising from their large diradical 
character generated difficulties to give a clear-cut conclusion and also limited their 
practical applications. Tetracyano-substituted p-QDM (i.e., tetracyanoquinodimethane, 
TCNQ),11 extended oligo-para-phenylene quinodimethanes12 and their thiophene 
analogs13 represent another attracting class of low band gap systems with improved 
stability and tunable ground states. For example, tetracyano- 
oligothiophenequinodimethanes showed progressive changes from a closed-shell to an 
open-shell singlet diradical ground state with the increase of the chain length, and 
they can also be used as stable n-type semiconductors.13 Incorporation of a p-QDM 
moiety into a π-conjugated hydrocarbon framework led to a quinoidal polycyclic 
hydrocarbon with interesting properties. For example, bis(phenalenyl)s in which two 
phenalenyl moieties are bridged with a p-QDM unit (or a naphthoquinodimethane and 
anthraquinodimethane unit) showed large singlet diradical characters in the ground 
state as reported by Kubo et al..14 Our group synthesized the first stable open-shell 
heptazethrene and octazethrene derivatives in which a p-QDM and 
naphthoquinodimethane unit are incorporated in the dibenzopentacene and 
dibenzohexacene framework, respectively.15 Other fused π-systems bearing a p-QDM 
subunit include indenofluorene derivatives as reported by Haley et al.16  
  67 
 
Figure 3.1 Possible two resonance forms of p-quinodimethane bridged porphyrin dimer 3-1. 
 
In this context, we have expected that a p-QDM bridged porphyrin dimer 3-1 
will show interesting optical and electronic properties (Figure 3-1). In addition, a 
closed-shell resonance form 3-1a and an open-shell diradical form 3-1b can both 
contribute to the ground-state structure of 3-1 (Figure 3.1) and it is of interest to know 
whether it has a ground-state singlet diradical character like other p-QDM embedded 
π-systems (e.g. heptazethrene). Herein, we tried to synthesize 3-1 and investigated its 
opto-electronic properties and ground-state structure by various methods including 
OPA, TPA, transient absorption (TA), cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV), and theoretical DFT calculations. 
 
3.2 Results and Discussion 
Our initial strategy towards the target compound 3-1 was based on the 
diketo-porphyrin dimer 3-8a (M = Ni) or 3-8b (M = Zn), which are supposed to 
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undergo nucleophilic addition reaction with alkynyl or aryl Grignard reagents at the 
ketone sites to give the corresponding diols, and the subsequent reductive 
dehydroxylation is expected to give the desired compound 3-1 (Scheme 3.1). Thus, 
the diketo-porphyrin dimers 3-8a and 3-8b were first prepared by using a modified 













































































































































  69 
Scheme 3.1 Synthetic scheme towards poprphyrin dimers Reagents and conditions: (a) 
p-tolylboronic acid, Pd(PPh3)4, THF, 80 0C, 98%; (b) i) NBS, CHCl3, rt, 1h, 95%; ii) 
Zn(OAc)2, CHCl3/MeOH, rt, 10 h, 96%; (c) pinacolborane, Pd(PPh3)2Cl2, C2H4Cl2, Et3N, 85 
0C, 4h, 80%; (d) Pd(PPh3)4, Cs2CO3, toluene, reflux, 48h, 58%; (e) i) HCl (6M), 5 min, 95%; 
ii) Ni(acac)2, toluene, reflux, overnight, 96%; (f) i) LiOH, H2O, dioxane, H2O, reflux, 24h; ii) 
oxalyl chloride, benzene, rt, 8h; iii) SnCl4, rt, 8h, overall 92%; (g) i) TFA/H2SO4, rt, 1h, 50%; 
ii) Zn(OAc)2, CHCl3/MeOH=2/1, rt, overnight, 91%; (h) triisopropylsilylethynylmagnesium 
bromide, THF, rt, 48h, 41%; (i) 4-tert-butylphenylmagnesium bromide, THF, rt, 48h, 38%;  
(j) Pd(PPh3)4, Cs2CO3, toluene, reflux, 48h, 55%; (k) i) HCl (conc.), DCM, rt, 2h, 95%; ii) 
Zn(OAc)2, CHCl3/MeOH, rt, 12h, 95%; (l) mesitylmagnesium bromide, THF, rt, 24h, 85%; 
(m) i) excess BF3•OEt2, DCM, 10 min; ii) air oxidation, two steps, 1520%. 
 
the literature.7 The porphyrin monoboronic ester 3-5 was first prepared starting from 
monobromo-porphyrin 3-217 via sequential Suzuki coupling, bromination, metalation 
and Miyaura borylation reaction in an overall 72% yield. Suzuki coupling reaction 
between 3-5 and dimethyl 2,5-dibromoterephthalate 3-6,18 gave the terephthalate 
bridged Zn-prophyrin dimer 3-7a in 48% yield. Demetalation of 3-7a with 
concentrated HCl (6 M) followed by metalation with Ni (acac)2 afforded the 
terephthalate bridged Ni-prophyrin dimer 3-7b in 91% yield. Hydrolysis of the methyl 
ester in 3-7b by aqueous LiOH gave the corresponding carboxylic acid, which was 
then converted into carboxylic chloride with oxalyl chloride and followed by 
intramolecular Friedel-Crafts acylation reaction by SnCl4 to give the diketo- 
Ni-porphyrin dimer 3-8a in an overall 92% yield. Similar approach to the diketo- 
Zn-porphyrin dimer 3-8b suffered from demetalation and decomposition. 
Alternatively, compound 3-8b was obtained in 48% yield by demetalation of 3-8a 
with trifluoroacetic acid (TFA) and concentrated sulfuric acid followed by reaction 
with Zn (OAc)2 in methanol/chloroform. Compounds 3-8a and 3-8b were then subject 
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to nucleophilic addition reaction with alkynyl and aryl lithium reagents or Grignard 
reagents. Interestingly, 1,4-addition (Michael addition) took place followed by 
simultaneous oxidative dehydrogenation in air, giving the β-substituted 
diketo-porphyrin dimers in all cases instead of the desired 1,2-addition products 
(diols). For example, reaction of 3-8a with triisopropylsilylethynylmagnesium 
bromide gave the β-substituted porphyrin dimer 3-9 in 38% yield, and reaction of 
3-8b with 4-tert-butylphenylmagnesium bromide afforded the β-substituted 
Mg-porphyrin dimer 3-10 in 41% yield. Although compounds 3-9 and 3-10 showed 
low solubility, their structures were supported by clean 1H NMR and high resolution 
mass spectra (SI). Similar Michael addition reactions have been observed for some 
keto-fused porphyrin monomers.19 Under this situation, an alternative synthetic 
strategy was used to synthesize the target compound 3-1. The new approach was 
based on intramolecular Friedel-Crafts alkylation reaction of the diol 3-14 followed 
by oxidative dehydrogenation (Scheme 3.1). For that, the dialdehyde-linked porphyrin 
dimer 3-13 as a key intermediate was prepared first. To synthesize dimer 3-13, we 
first tried to reduce the terephthalate bridged prophyrin dimer 3-7a or 3-7b with 
lithium aluminum hydride followed by oxidation of the resulting diols using 
pyridinium chlorochromate.20 However, the overall yields in these two steps were 
lower than 5% because of significant decomposition of porphyrin. Then we tried 
Suzuki coupling reaction between 3-5 and 2,5-dibromoterephthalaldehyde,21 and 
again, the yield of 3-13 was lower than 5% due to significant debromination of 3-5. 
Finally we found that Suzuki coupling between 3-5 and the protected dialdehyde, the 
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2,2'-(2,5-dibromo-1,4-phenylene)bis(1,3-dioxolane) 3-11,22 worked smoothly and 
gave the intermediate 3-12 in 55% yield.  To remove the protective group of the 
aldehyde in 3-12, we tried to use pyridinium p-toluenesulfonate (PPTS) in 
acetone/water23 and TFA/H2O in CH2Cl2,24 and in both cases partial deprotection was 
observed. However, concentrated HCl in CH2Cl2 worked well and subsequent 
metallization with Zn(OAc)2 gave the desired compound 3-13 in an overall 95% yield. 
3-13 was then subject to nucleophilic addition with aryl Grignard reagents such as 
4-tert-butylphenylmagnesium bromide and mesitylmagnesium bromide followed by 
intramolecular Friedel-Crafts alkylation (cyclization) reaction by using boron 
trifluoride diethyl etherate as the Lewis acid. When the 4-tert-butylphenyl was used as 
the substituent for the p-QDM moiety, the cyclization reaction took place as 
confirmed by mass spectrum. However, the cyclized product was not stable in air and 
was sensitive to protic solvents (e.g. methanol and ethanol) and silica gel. 
High-polarity products were observed and the mass spectrum showed the existence of 
over oxidation products by air. When more bulky mesityl group was used, the 
addition product diol 3-14 was separated in pure form and subsequent intramolecular 
Friedel-Crafts alkylation followed by simultaneous dehydrogenation in air gave the 
desired product 3-1 in 15-20% yield. The low separation yield was mainly due to 
demetalation and decomposition of porphyrin chromophore during the reaction, and 
the sensitivity of 3-1 to the silica gel. A quick flash column had to be used to purify 
compound 3-1 and longer operation time on silica gel column led to significant 
decomposition of the material. Compound 3-1, however, has a good stability in the 
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solid state and in solution in air. The structures of all new compounds are identified 
by NMR and mass spectra. 


























Figure 3.2 OPA spectra of 3-1, 3-8a, 3-8b and 3-10 in CH2Cl2. 
 
The steady-state OPA spectra of 3-1 together with the diketo-porphyrin dimers 
3-8a, 3-8b and 3-10 in CH2Cl2 are shown in Figure 3.2 and the data are collected in 
Table 3.1. Compound 3-1 shows an intense Q-band with maximum at 955 nm ( = 
45400 M-1cm-1), together with several distinct peaks at 405, 457, 579 and 851 nm, 
indicating a large extent of π-conjugation in this p-QDM-bridged system. For 
comparison, the p-phenylene-bridged diol 3-14 exhibits a weak Q-band reaching to 
600 nm. The planarized diketo-porphyrin dimers also showed intense NIR absorption 
due to the effective π-conjugation between the two porphyrin units. The metal ions in 
the porphyrin have obvious impact on the absorption spectrum, with a gradual 
red-shift from Ni-porphyrin 3-8a to Zn-porphyrin 3-8b and to Mg-porphyrin 3-10, 
with the longest absorption maximum at 800, 865 and 922 nm, respectively. This 
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trend was also observed for porphyrin monomers with different metal ions.25 The 
optical energy gaps (EgOpt) were estimated to be 1.08, 1.35, 1.19 and 1.15 eV for 3-1, 
































































































-1.36 -4.70 -3.84 0.86 1.08 25 
2080 
(1800 nm)
Table 3.1 Photophysical and electrochemical properties of porphyrin dimers 3-8a, 3-8b, 3-10 
and 3-1. λmax: absorption maximum. εmax: molar extinction coefficient at the absorption 
maximum. em: emission maximum. Eox1/2 and Ered1/2 are half-wave potentials of the oxidative 
and reductive waves, respectively, with potentials vs Fc/Fc+ couple. HOMO and LUMO 
energy levels were calculated according to equations: HOMO = - (4.8 + Eoxonset) and LUMO = 
- (4.8 +Eredonset), where Eoxonset and Eredonset are the onset potentials of the first oxidative and 
reductive redox wave, respectively. EgEC: electrochemical energy gap derived from 
LUMO-HOMO. EgOpt: optical energy gap derived from lowest energy absorption onset in the 
absorption spectra. τ is singlet excited lifetime obtained from fs-TA spectroscopy.  σ (2) max is 
the two-photon absorption cross section at the longest wavelength maximum. 
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pump = 600 nm
probe =  (583 nm)  (523 nm)
s = 25 ps 
































pump = 520 nm
probe =  (548 nm)  (521 nm)
s = 5(48), 40(50) ps 






























pump = 520 nm
probe =  (574 nm)  (521 nm)
s = 660 ps 




























pump = 520 nm
probe =  (534 nm)  (583 nm)
s = 334 ps 
Figure 3.3 Transient absorptions spectra and decay curves of compounds 3-1, 3-8a, 3-8b and 
3-10 in toluene. 
 
Femtosecond transient absorption measurements were then conducted to explore 
the excited dynamics of 3-1 and the diketo-porphyrin dimers 3-8a, 3-8b and 3-10 
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(Figure 3.3 and Table 3.1). Zn complex 3-8b and Mg-complex 3-10 exhibited 
relatively longer singlet excited state lifetimes of 660 and 334 ps, respectively, which 
are consistent with their NIR emissive character (Table 3.1 and Figure 3.4). 
Ni-porphyrin 3-8a gave a TA spectrum with very fast bi-exponential decay (1 = 5 ps 
and 2 = 40 ps) as well as non-emissive features, suggesting the participation of 
metal-centered excited state (e.g., d-d state). These rapid excited state deactivations 
and the excited state absorption band around 550 nm underwent a blue-shift, which is 
characteristic behavior of the excited state deactivations of ordinary Ni (II) porphyrin 
complexes.1b, 26 In contrast, the TA spectrum of 3-1 revealed different spectral features; 
relatively intense excited state absorption bands centered around 520 and 660 nm and 
two ground-state bleaching bands around 460 and 580 nm, respectively were 
observed.   
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Figure 3.4 Absorption and emission spectra of compound 3-8b and 3-10 in toluene. 
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Figure 3.5 OPA (black solid line and left vertical axis) and TPA spectra (blue symbols and 




Figure 3.6 Z-scan curves of compound 3-1, 3-8a, 3-8b and 3-10 determined in THF. 
 
The kinetic profile of 3-1 showed very fast decay ( = 25 ps), which is supported 
by its non-emissive feature beyond 1000 nm. Taking into account of the structure of 
3-8b, the p-QDM conjugated bridge in 3-1 may contribute to the electronic 
perturbation of the zinc porphyrin significantly. TPA measurements were carried out 
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for 3-1, 3-8a, 3-8b and 3-10 by using a wavelength-scanning open aperture Z-scan 
method in the wavelength range from 1200 to 2000 nm where one-photon absorption 
contribution is negligible (Figure 3.5 and Figure 3.6, the TPA spectra are plotted at 
λex/2). All compounds show large TPA response enhanced by resonance in the OPA 
spectral contribution of Q-like band. The TPA cross section maximum (σ(2)max) of 
2080 GM (1800 nm) for 3-1, 650 GM (1500 nm) for 3-8a, 1600 GM (1800 nm) for 
3-8b and 1490 GM (1800 nm) for 3-10 are given in Table 3.1. Compared with the 
simple aromatic porphyrin monomer which usually shows a small TPA cross section 
(<100 GM),5c, 27 the keto-bridged p-phenylene dimers, 3-8a, 3-8b, and 3-10 
demonstrated that the effective electronic coupling between two porphyrin units 
through the planarized phenylene π-bridge enhanced the TPA activity. This is in good 
agreement with the reported planar porphyrin dimers.28 Moreover, compared to the 
non-conjugated p-phenylene bridged porphyrin dimer (compound 6 in reference 7), 
the p-QDM bridged dimer 3-1 exhibited much longer OPA wavelength and 
remarkably enhanced TPA response in the NIR range. It is known that the polarizable 
quinoidal electronic structures (e.g., tetraphenyl-fused quinoidal porphyrin monomer29) 
could be relevant to the TPA enhancement. Therefore, the p-QDM bridge in 3-1 plays 
an important role in the nonlinear-optical response as well as effective -overlaps. 
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Figure 3.7 Cyclic voltammograms and differential pulse voltammograms  of 3-8a, 3-8b, 
3-10 and 3-1 in CH2Cl2 with 0.1 M Bu4NPF6 as a supporting electrolyte, AgCl/Ag as a 
reference electrode, a Au disk as a working electrode, a Pt wire as a counter electrode, and a 
scan rate of 50 mV s-1. 
   Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 
measurements were conducted for 3-1, 3-8a, 3-8b and 3-10 in CH2Cl2 solution 
containing 0.1M tetrabutylammonium hexafluorophosphate (Bu4NPF6) (Figure 3.7 
and Table 3.1). Compound 3-1 showed four quasi-reversible oxidation waves with 
half-wave potentials (Eox1/2) at 0.01, 0.14, 0.67 and 0.93 V and two quasi-reversible 
reduction waves with half-wave potentials (Ered1/2) at -1.14 and -1.36 V (vs Fc+/Fc). 
Compound 3-8a showed three quasi-reversible oxidation waves Eox1/2 at 0.68, 0.87 
and 1.18 V and three quasi-reversible reduction waves Ered1/2 at -0.96, -1.12 and -1.71 
V. Similarly, compound 3-8b exhibited three quasi-reversible oxidation waves with 
Eox1/2 at 0.48, 0.60 and 1.03 V and three quasi-reversible reduction waves with Ered1/2 
at -0.98, -1.13 and -1.69 V. Compound 3-10 displayed three quasi-reversible oxidation 
waves with Eox1/2 at 0.25, 0.46 and 0.86 V and two quasi-reversible reduction waves 
with Ered1/2 at -1.23 and -1.50 V. The HOMO and LUMO energy levels were evaluated 
to be -4.70 and -3.84 eV for 3-1, -5.36 and -3.94 eV for 8a, -5.19 and -3.90 eV for 
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3-8b, and -4.97 and -3.18 eV for 3-10, respectively, from the onset of the first 
oxidation and reduction waves. Accordingly, the electrochemical energy gaps (EgEC) 
of 3-1, 3-8a, 3-8b and 3-10 were determined to be 0.86, 1.42, 1.29, 1.19 and 0.86 eV, 
respectively. Therefore, the change of the metal ions from Ni2+ in 3-8a to Zn2+ in 3-8b 
to Mg2+ in 3-10 negatively shifted the first oxidation and reduction waves, leading to 
a higher-lying HOMO and LUMO energy level and a lower energy gap. Compound 
3-1 showed an even higher lying HOMO energy level and a smaller energy gap, but it 
still exhibited a good stability against oxidation in air. 
 
Figure 3.8 DFT optimized structures of 3-8b (top) and 3-1 (bottom) with selected bond 
lengths (Å) and dihedral angles (o) between the mean planes of the porphyrin core and the 
bridged phenyl ring. The NICS(1) values of the center of bridged six membered ring for 
compound 3-8b and 3-1 are shown. 
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Figure 3.9 Frontier molecular orbital profiles and energy diagram of 3-1 and 3-8b obtained 
by B3LYP/6-31G* level calculation. 
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Figure 3.10 Calculated stick spectra (B3LYP/6-31G*) of 3-1(a) and 3-8b (b) along with the 
experimental spectra. 
 
 Compound 3-1 shows sharp peaks in the 1H NMR spectrum in solution even at 
elevated temperatures (e.g., up to 100 oC in C2D2Cl4), indicating a closed-shell 
electronic structure in the ground state. This implies a singlet diradical resonance 
form 3-1b has less contribution to the ground-state electronic configuration of 3-1 
(Figure 3.1). To gain deeper insight into the ground-state geometry and electronic 
structure and the optical properties, DFT calculations were performed for zinc 
complexes, 3-1 and 3-8b with the B3LYP/6-31G (d) level basis set. As shown in 
Figure 3.8, the optimized structures of both 3-1 and 3-8b represent that the central 
phenylene bridge is structurally restricted between two porphyrin units by methane 
carbon and carbonyl groups, respectively. The overall molecular geometries are 
twisted due to steric repulsion between the C-H of the central six-membered (i.e., 
benzenoid or quinonoid) ring and the adjacent pyrrole unit, with a torsional angle of 
25.6o and 25.1o, respectively. The bond length analysis around bridged ring in 3-8b 
indicates effective bond resonances, suggesting a typical “benzenoid-like” ring 
structure. A negative nuclear-independent chemical shift (NICS(1)) value of -3.13 
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ppm manifests aromatic character of the central phenylene ring. In contrast, the clear 
bond length alternation of the corresponding ring and positive NICS(1) value of +1.41 
ppm found in 3-1 demonstrate a characteristic quinoidal electronic structure.  
   The frontier HOMO and LUMO density maps of 3-1 and 3-8b can be interpreted 
by hybrid orbitals of benzene MO and the a2u orbital and eg orbital of zinc porphyrins, 
respectively (Figure 3.9). In contrast, the electron densities of 3-1 are homogeneously 
delocalized over two porphyrin units across a p-QDM unit in both HOMO and 
LUMO. The corresponding a2u and eg orbitals of zinc porphyrins in HOMO and 
LUMO of 3-1 are severely perturbed by electronic coupling through p-QDM bridge 
unit. This resulted in thus the narrower HOMO-LUMO energy gap of 1.414 eV for 
3-1. On this basis, the vertical transitions of quinoidal 3-1 are remarkable to the 
quinoidal porphyrin-like transition behavior.  
 
Calcd. (nm)  f  Composition (H=HOMO, L= LUMO, L+1 = LUMO+1, etc.) 
900.6 1.2145   HOMO->LUMO (67%) 
554.9 0.2697   H-4->LUMO (55%), H-1->L+1 (17%), H-1->L+3 (12%), 
530.3 0.592   H-1->L+1 (66%) 
424.7 1.0659   H-3->L+1 (46%), H-1->L+3 (22%) 
398.3 0.8247   H-22->LUMO (11%), H-4->L+2 (43%) 
Table 3.2 Selected TD-DFT (B3LYP/6-31G (d)) calculated energies, oscillator strength and 
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Calcd. 
(nm) 
f Composition, (H=HOMO, L= LUMO, L+1 = LUMO+1, etc.) 
795.3 0.6046 HOMO>LUMO (85%) 
539.5 0.2683 H-3->L+1 (22%), H-2->LUMO (17%), HOMO->L+2 (46%) 
481.3 0.4216 H-3->L+1 (40%), H-1->L+3 (32%), HOMO->L+2 (18%) 
421.6 1.0786 H-3->L+1 (11%), H-1->L+3 (29%) 
386.9 1.1586
H-19->LUMO (10%), H-14->LUMO (10%), H-3->L+3 
(11%), HOMO->L+4 (15%) 
Table 3.3 Selected TD-DFT (B3LYP/6-31G (d)) calculated energies, oscillator strength and 
compositions of major electronic transitions of 3-8b. 
 
The method for the simulated stick spectrum of 3-1 obtained by time dependent 
(TD)-DFT calculations (B3LYP/6-31G* method) is well consistent with the 
experimental spectrum. The lowest energy band in NIR region is mostly contributed 
by HOMO-LUMO excitation (900.6 nm, f = 1.2145, (Figure 3.10 and Table 3.2). In 
the case of diketo 3-8b, the predicted transitions are understood by the typical 
Goutermann’s four orbital model (Figure 3.10 and Table 3.3).30 Thus, the distinct 
photophysical and electrochemical properties of quinoidal porphyrin dimer 3-1 are 
supported by theoretical calculations. 
 
3.3 Conclusion 
In summary, the p-QDM bridged porphyrin dimer 3-1 was prepared for the first 
time by an intramolecular Friedel-Crafts alkylation approach, while the synthetic 
strategy from the diketo-porphyrin dimers 3-8a and 3-8b gave unexpected Michael 
addition products. Their optical and electrochemical properties and ground-state 
geometry and electronic structures were systematically investigated by various 
experimental methods and theoretical calculations. The p-QDM porphyrin dimer 3-1 
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has a closed-shell ground state quinoidal structure, which leads to an extended 
π-conjugated system with a small energy gap. This distinct electronic character of 3-1 
gave rise to the nonlinear optical enhancement (i.e., larger TPA cross-section values) 
in the NIR region. Our synthetic approach used for 3-1 in principle can be extended to 
the synthesis of further π-extended naphthoquinodimethane or anthraquinodimethane 
bridged porphyrin dimers or oligomers. The investigation of π-conjugation effect on 
these electronic systems would be highly attractive to develop open-shell singlet 
diradical materials in their ground state. 
 
3.4 Experimental section 
3.4.1 General 
All reagents and starting materials were obtained from commercial suppliers and 
used without further purification. Anhydrous tetrahydrofuran (THF) and 
dichloromethane (DCM) were distilled under a nitrogen atmosphere over sodium and 
calcium hydride, respectively. 2,2'-(2,5-Dibromo-1,4-phenylene)bis(1,3-dioxolane) 
(3-11) was prepared according to the literature.22 All the other measurement 
technologies are the same to these mentioned in Charpter 2, such as: column 
chromatography, APCI MS and MALDI-TOF Mass, UV-vis absorption spectra 
measurements, cyclic voltammetry and differential pulse voltammetry measurements, 
the femtosecond time-resolved transient absorption spectroscopy, one-photon and 
two-photon absorption measuments and DFT caculation methods. 
 
3.4.2 Detailed synthetic procedure and characterization data 
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Compound 3-3: A mixture of compound 3-2 (2 g, 3.20 mmol), 
4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane (1.05 g, 4.8 mmol), toluene (250 
mL), and Na2CO3 aqueous solution (2 M, 60 mL) was degassed by bubbling through 
nitrogen stream for 30 min. Pd(PPh3)4 (370 mg, 0.32 mol) was added and the mixture 
was further degassed by three freeze-pump-thaw cycles. The reaction was heated at 
80 C for 24 h under nitrogen atmosphere. After cooling to room temperature, the 
mixture was poured into water and extracted with DCM. The organic layer was 
washed by water and dried over anhydrous MgSO4. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, 
hexane/DCM = 1/1) to afford the desired product 3-3 (2.03 g) in 98% yield; m.p > 
300 C. 1H NMR (CDCl3, 500 MHz): δ 10.11 (s, 1H), 9.26 (d, J = 4.5 Hz, 2H), 8.84 
(d, J = 4.5 Hz, 2H,), 8.25 (d, J = 4.5 Hz, 2H), 8.73 (d, J = 5.0 Hz, 2H), 8.10 (d, J = 7.5 
Hz, 2H), 7.54 (d, J = 7.5 Hz, 2H), 7.30 (s, 4H), 2.70 (s, 3H), 2.65 (s, 6H), 1.85 (s, 
12H). 13C NMR (CDCl3, 125 MHz): δ 139.47, 139.41, 138.11, 137.75, 137.32, 134.41, 
127.79, 127.30, 119.99, 117.72, 103.99, 21.65, 21.53, 21.48. HR-MS (APCI-HR): m/z 
= 637.3340, calcd. for C45H41N4 (M+1) : m/z = 637.3326, error = 2.2 ppm. Anal. Calcd 
for C45H40N4: C, 84.87; H, 6.33; N, 8.80. Found: C, 84.81; H, 6.35; N, 8.78. 
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Compound 3-4: Compound 3-3 (2.02 g, 3.17 mmol) was dissolved in CHCl3 (500 mL) 
and N-bromosuccinimide (NBS) (621 mg, 3.5 mmol) was added slowly. The mixture 
was stirred for 30 min under 0 °C, and then 10 mL acetone was added. The mixture 
was poured into water and extracted with DCM. The organic layer was washed by 
water and dried over anhydrous MgSO4. The solvent was removed under vacuum and 
purified by column chromatography (silica gel, hexane/DCM = 1/1) to afford the 
corresponding monobromo- porphyrin (2.15 g) in 95% yield. 1H NMR (CDCl3, 500 
MHz): δ 9.62 (d, J = 4.5 Hz, 2H), 8.81 (d, J = 4.5 Hz, 2H), 8.76 (d, J = 4.5 Hz, 2H), 
8.65 (d, J = 4.5 Hz, 2H), 8.09 (d, J = 7.5 Hz, 2H), 7.56 (d, J = 7.5 Hz, 2H), 7.32 (s, 
4H), 2.72 (s, 3H), 2.67 (s, 6H), 1.86 (s, 12H), 2.16 (s, 2 NH). 13C NMR (CDCl3, 125 
MHz): δ 139.38, 138.75, 138.16, 137.92, 137.52, 134.36, 127.83, 127.52, 120.46, 
118.98, 101.98, 21.60, 21.52, 21.47. HR-MS (MALDI-TOF): m/z = 714.2284, calcd. 
for C45H39BrN4 : m/z = 714.2358, error = -1.4 ppm. Zn(OAc)2 ( 3.47 g, 15.85 mmol) 
was added to the solution of the monobromo- porphyin intermediate compound (2.15 
g, 3.01 mmol) in CHCl3/MeOH (CHCl3/MeOH = 2/1, 400 mL) and the mixture was 
stirred overnight. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, hexane/DCM = 1/1) to afford the 
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desired product 3-4 (2.24 g) in 96% yield. m.p > 300 C. 1H NMR (CDCl3, 500 MHz): 
δ 9.71 (d, J = 4.5 Hz, 2H), 8.87 (d, J = 4.5 Hz, 2H), 8.83 (d, J = 4.5 Hz, 2H), 8.73 (d, 
J = 4.5 Hz, 2H), 8.08 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.29 (s, 4H), 2.70 
(s, 3H), 2.64 (s, 6H), 1.83 (s, 12H). 13C NMR (CDCl3, 125 MHz): δ 150.86, 150.41, 
150.32, 149.65, 139.58, 139.27, 138.77, 137.69, 137.25, 134.31, 133.28, 132.95, 
131.97, 131.08, 127.78, 127.40, 121.35, 119.98, 21.66, 21.56, 21.52. HR-MS 
(MALDI-TOF): m/z = 776.1457, calcd. for C45H37BrN4Zn : m/z = 776.1493, error = 
-3.94 ppm. Anal. Calcd for C45H37BrN4Zn: C, 75.52; H, 5.49; N, 7.83. Found: C, 
75.54; H, 5.51; N, 7.82. 
 
Compound 3-5: A mixture of compound 3-4 (2 g, 2.58 mmol), 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.45 mL, 3.1 mmol), triethylamine (4.43 mL, 
5.60 mmol) and Pd(PPh3)2Cl2 (84.2 mg, 0.12 mmol, 3% mol) in 1,2-dichloroethane 
(200 mL) was degassed and stirred at 85 °C for 4h under argon atmosphere. The 
reaction mixture was cooled to room temperature, washed with water, and dried by 
Na2SO4. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexane/DCM = 1/2) to afford the desired product 
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5 (1.7g) in 80% yield; m.p > 300 C. 1H NMR (CDCl3, 500 MHz): δ 9.84 (d, J = 4.5 
Hz, 2H), 8.92 (d, J = 4.5 Hz, 4H), 8.76 (d, J = 4.5 Hz, 2H), 8.12 (d, J = 7.5 Hz, 2H), 
7.54 (d, J = 7.5 Hz, 2H), 7.29 (s, 4H), 2.71 (s, 3H), 2.65 (s, 6H), 1.86 (s, 12H) , 1.82 
(s, 12H). 13C NMR (CDCl3, 125 MHz): δ 154.32, 150.71, 149.67, 149.50, 139.84, 
139.35, 139.21, 137.42, 137.11, 134.34, 133.22, 132.63, 131.71, 130.22, 127.65, 
127.28, 121.95, 119.05, 85.23, 25.39, 21.62, 21.56, 21.52. HR-MS (MALDI-TOF): 
m/z = 824.3215, calcd. for C51H49BN4O2Zn: m/z = 824.3240, error = -2.40 ppm. Anal. 
Calcd for C51H49BN4O2Zn: C, 74.14; H, 5.98; N, 6.78. Found: C, 74.18; H, 5.96; N, 
6.76. 
 
Compound 3-7a: A mixture of compound 3-5 (1.7 g, 2.06 mmol), dimethyl 
2,5-dibromoterephthalate (288 mg, 0.82 mmol), Cs2CO3  (2.68 g, 8.24 mmol) and 
Pd(PPh3)4 (98 mg, 0.082 mmol) in  toluene (75 mL) was degassed by two 
freeze-pump-thaw cycles and stirred at 120 °C for 48 h. After cooling to room 
temperature, the solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexane/DCM = 1/1) to afford the desired product 
3-7a (754 mg) in 58% yield; m.p > 400 C. 1H NMR (CDCl3, 500 MHz): δ 9.22 (s, 
2H), 9.14 (d, J = 4.5 Hz, 4H), 8.94 (d, J = 4.5 Hz, 8H), 8.81 (d, J = 4.5 Hz, 4H), 8.16 
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(m, 4H), 7.57 (d, J = 8.0 Hz, 4H), 7.31 (s, 8H), 2.90 (s, 6H), 2.73 (s, 6H), 2.67 (s, 
12H) , 1.91 (s, 24H). 13C NMR (CDCl3, 125 MHz): δ 167.52, 150.37, 150.12, 149.86, 
149.63, 139.36, 139.10, 137.51, 137.08, 137.08, 136.07, 134.73, 134.49, 134.44, 
134.36, 132.56, 131.40, 131.16, 130.73, 128.82, 127.72, 127.31, 120.84, 119.49, 
117.21, 51.91, 21.76, 21.55, 21.52. HR-MS (MALDI-TOF): m/z = 1586.5096, calcd. 
for C100H82N8O4Zn2: m/z = 1586.5042, error = 3.40 ppm. Anal. Calcd for 
C100H82N8O4Zn2: C, 75.51; H, 5.20; N, 7.04. Found: C, 75.54; H, 5.24; N, 7.02. 
 
Compound 3-7b: Compound 3-7a (750 mg, 0.473 mmol) was dissolved in DCM (200 
mL) and then HCl (6 M, 100 mL) was added. The mixture was stirred at room 
temperature for 5 min, then washed with water, and dried over Na2SO4. The solvent 
was removed under vacuum to afford the intermediate free porphyrin compound 
which was used for the next step. A mixture of the free porphyrin (656.8 mg, 0.45 
mmol) and nickel(II) acetylacetonate (1.16 g, 4.5 mmol) in toluene (250 mL) was 
heated at reflux for 24 h. The solution was cooled to temperature and washed with 
water, dried over anhydrous sodium sulphate. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, DCM) to 
afford compound 3-7b (679 mg) in 96% yield; m.p > 400 C. 1H NMR (CDCl3, 500 
MHz): δ 9.03 (s, 2H), 8.88 (d, J = 5.0 Hz, 4H,), 8.76 (d, J = 5.0 Hz, 4H), 8.72 (d, J = 
5 Hz, 4H), 8.62 (d, J = 5.0 Hz, 4H), 7.60 (br, 4H), 7.50 (d, J = 7.5 Hz, 4H), 7.28 (s, 
4H), 7.23 (s, 4H), 2.91 (s, 6H), 2.66 (s, 6H), 2.61 (s, 12H), 1.98 (s, 24H), 1.77 (s, 
12H). 13C NMR (CDCl3, 125 MHz): δ 166.91, 143.14, 142.83, 142.57, 142.44, 141.42, 
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139.10, 138.17, 137.72, 137.34, 135.78, 134.43, 133.64, 132.58, 131.61, 131.32, 
131.04, 127.78, 127.56, 119.04, 117.67, 115.76, 51.97, 21.50, 21.44, 21.37. HR-MS 
(MALDI-TOF): m/z =1574.5137, calcd. for C100H82N8Ni2O4: m/z = 1574.5166, error = 
-1.8 ppm. Anal. Calcd for C100H82N8O4Ni2: C, 76.15; H, 5.24; N, 7.10. Found: C, 
76.12; H, 5.21; N, 7.16. 
 
Compound 3-12: A mixture of 3-5 (1.7 g, 2.06 mmol), 
2,2'-(2,5-dibromo-1,4-phenylene)bis(1,3-dioxolane) (310 mg, 0.82 mmol), Cs2CO3  
(2.68 g, 8.24 mmol) and Pd(PPh3 )4 (98 mg, 0.082 mmol) in dry toluene (100 mL) 
was degassed by two freeze-pump-thaw cycles and stirred at 120 °C for 48 h. After 
cooling to room temperature, the solvent was removed under vacuum and the residue 
was purified by column chromatography (silica gel, hexane/DCM = 1/1) to afford the 
desired product 3-12 (728.2 mg) in 55% yield; m.p > 400 C. 1H NMR (CDCl3, 500 
MHz): δ 9.22 (d, J = 4.5 Hz, 4H), 8.95 (d, J = 4.5 Hz, 8H), 8.83 (d, J = 4.5 Hz, 4H), 
8.72 (s, 2H), 8.18 (d, J = 7.5 Hz, 2H), 8.12 (d, J = 7.5 Hz, 2H), 7.57 (m, 4H), 7.34 (s, 
8H), 5.71 (s, 2H), 3.61 (m, 4H), 3.21 (m, 4H), 2.71 (s, 6H), 2.69 (s, 12H), 1.95 (s, 
12H), 1.90 (s, 12H). 13C NMR (CDCl3, 125 MHz): δ 150.43, 150.20, 150.09, 142.10, 
139.87, 139.36, 139.30, 139.09, 137.66, 137.50, 137.06, 134.45, 134.35, 132.61, 
  91 
132.48, 131.68, 131.29, 130.64, 127.74, 127.32, 120.80, 119.46, 116.37, 101.74, 
65.00, 21.81, 21.74, 21.54. HR-MS (MALDI-TOF): m/z = 1614.5320, calcd. for 
C102H86N8O4Zn2: m/z = 1614.5355, error = -2.16 ppm. Anal. Calcd for 
C102H86N8O4Zn2: C, 75.69; H, 5.36; N, 6.92. Found: C, 75.66; H, 5.31; N, 6.90. 
 
Compound 3-13: Compound 3-12 (720 mg, 0.446 mmol) was dissolved in DCM (50 
mL) and HCl (conc., 100 mL) was added slowly. The mixture was stirred under argon 
at room temperature overnight, then washed with water. The organic layer was 
washed by water and dried over Na2SO4. The solvent was removed under vacuum and 
the residue was purified by column chromatography (silica gel, hexane/DCM = 1/3) 
to afford the intermediate compound, the free porphyrin dialdehyde, in 95% yield. 1H 
NMR (CDCl3, 500 MHz): δ 9.86 (s, 2H, -CHO), 9.28 (s, 2H), 8.99 (d, J = 4.0 Hz, 4H), 
8.92 (d, J = 4.5 Hz, 4H), 8.90 (d, J = 4.5 Hz, 4H), 8.77 (d, J = 4.5 Hz, 4 H,), 8.18 (d, J 
= 7.5 Hz, 2H), 8.12 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.5 Hz, 4H), 7.36 (s, 8H), 2.67 (s, 
6H), 2.69 (s, 12H), 1.95 (s, 12H), 1.92 (s, 12H). 13C NMR (CDCl3, 125 MHz): δ 
190.65, 145.33, 139.55, 139.49, 138.85, 138.16, 138.03, 138.00, 137.64, 134.56, 
134.46, 132.47, 127.94, 127.57, 120.94, 119.39, 111.49, 21.81, 21.76, 21.56. The free 
porphyrin (594 mg, 0.423 mmol) was dissolved in CHCl3/MeOH (200 mL, 
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CHCl3/MeOH = 2/1), and Zn(OAc)2 ( 464 mg, 2.12 mmol) was added and the mixture 
was stirred overnight under argon. The solvent was removed under vacuum and the 
residue was purified by column chromatography (silica gel, hexane/DCM = 1/5) to 
afford the desired product 3-13 (614 mg) in 95% yield; m.p > 400 C. 1H NMR 
(THF-d8, 500 MHz): δ 9.77 (s, 2H), 9.16 (s, 2H), 9.10 (d, J = 4.5 Hz, 4H), 8.87 (d, J = 
4.5 Hz, 4H), 8.84 (d, J = 4.5 Hz, 4H), 8.70 (d, J = 4.5 Hz, 4H), 8.10 (m, 4H), 7.57 (d, 
J = 7.5 Hz, 4H), 7.34 (s, 8H), 2.70 (s, 6H), 2.64 (s, 12H), 1.93 (s, 12H), 1.92 (s, 12H). 
13C NMR (CDCl3+1% pyridine, 125 MHz): δ 190.98, 150.53, 150.37, 149.89, 146.31, 
140.30, 139.54, 139.36, 139.27, 137.36, 137.30, 136.80, 134.48, 134.42, 132.62, 
131.79, 131.54, 131.26, 130.64, 127.64, 127.05, 121.04, 119.43, 111.92, 31.24, 29.69, 
29.66. HR-MS (MALDI-TOF): m/z =1526.4812, calcd. for C98H78N8O4Zn2: m/z = 
1526.4831, error = -1.23 ppm. Anal. Calcd for C98H78N8O2Zn2: C, 76.90; H, 5.14; N, 
7.32. Found: C, 76.93; H, 5.16; N, 7.34. 
 
Compounds 3-8a and 3-8b: A mixture of 3-7b (600 mg, 0.381 mmol) and LiOH·H2O 
(10.5 g, 28.2 mmol) in dioxane (450 mL) and water (45 mL) was refluxed for 36 h 
under nitrogen atmosphere. The solvents were evaporated and the solid was purified 
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by column chromatography (silica gel, DCM + 1% AcOH) to give the corresponding 
acid (550 mg) as a crude product. To the acid was added benzene (200 mL) and oxalyl 
chloride (12 mL) and the mixture was stirred at 50 °C overnight. The solvent and 
excessive oxalyl chloride were removed under vacuum and the residue was 
re-dissolved in dry DCM (160 mL), then SnCl4 (8 mL) was added. After stirring at 
room temperature for 8 h, DCM (200 mL) was added and the solution was neutralized 
with aqueous NaOH. The organic phase was washed with water for four times and 
dried over Na2SO4. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, hexane/DCM = 2/1) to afford the 
desired product 3-8a (530 mg) in 92% yield. m.p > 400 C. 1H NMR (CDCl3, 500 
MHz): δ 9.48 (d, J = 5.0 Hz, 4H), 9.10 (s, 2H), 9.01 (s, 2H), 8.53 (d, J = 5.0 Hz, 2H), 
8.47 (d, J = 5.0 Hz, 2H), 8.36 (d, J = 5.0 Hz, 2H), 8.27 (d, J = 5.0 Hz, 2H), 8.26 (d, J 
= 5.0 Hz, 2H), 7.80 (d, J = 8.0 Hz, 4H), 7.45 (d, J = 8.0 Hz, 4H), 7.22 (s, 4H), 7.17 (s, 
4H), 2.60 (s, 6H), 2.57 (s, 6H), 2.55 (s, 6H), 1.96 (s, 12H), 1.88 (s, 12H). 13C NMR 
(CDCl3, 125 MHz): δ 182.17, 145.62, 144.42, 144.06, 142.93, 142.04, 140.28, 139.30, 
138.92, 138.67, 138.19, 138.06, 137.81, 136.71, 135.87, 135.61, 135.38, 135.30, 
134.43, 134.18, 133.13, 133.00, 132.31, 132.27, 131.84, 127.98, 127.92, 124.86, 
121.54, 117.68, 107.86, 21.49, 21.45, 21.39, 21.35, 21.30. HR-MS (MALDI-TOF): 
m/z =1511.4626, calcd. for C98H74N8Ni2O2: m/z = 1511.4714, error = -0.52 ppm. Anal. 
Calcd for C98H74N8Ni2O2: C, 77.79; H, 4.93; N, 7.41. Found: C, 77.77; H, 4.90; N, 
7.44. 
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Compound 3-8a (254 mg, 0.168 mmol) was dissolved in a mixture of TFA (18 
mL) and concentrated H2SO4 (40 mL). The mixture was stirred at room temperature 
for 1h, and then was poured into ice water. The solution was neutered with aqueous 
NaHCO3 and extracted with DCM. The organic layer was washed by water and dried 
over Na2SO4. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexane/DCM = 1/1) to afford the free porphyrin 
intermediate compound (119 mg) in 50% yield. 1H NMR (CDCl3, 500 MHz): δ 9.59 
(d, J = 5.0 Hz, 2H), 9.49 (s, 2H), 9.11 (s, 2H), 8.59 (d, J = 5.0 Hz, 2H), 8.48 (d, J = 
5.0 Hz, 2H), 8.46 (d, J = 5.0 Hz, 2H), 8.40 (d, J = 5.0 Hz, 2H), 8.30 (d, J = 5.0 Hz, 
2H), 7.95 (d, J = 8.0 Hz, 4H), 7.48 (d, J = 8.0 Hz, 4H), 7.21 (s, 8H), 2.63 (s, 6H), 2.59 
(s, 6H), 2.57 (s, 6H), 1.94 (s, 12H), 1.86 (s, 12H), 0.14 (s, 4 NH). 13C NMR (CDCl3, 
125 MHz): δ 183.53, 141.35, 139.22, 139.07, 138.28, 138.12, 137.86, 137.59, 137.16, 
136.93, 136.39, 134.00, 128.04, 127.97, 127.82, 125.40, 122.87, 119.67, 109.67, 
21.71, 21.62, 21.52, 21.48, 21.45. The free porphyrin (119 mg) was dissolved in 
CHCl3/MeOH (100 mL, CHCl3/MeOH = 2/1) and Zn(OAc)2 ( 347 mg, 1.6 mmol) 
was added. The mixture was stirred at room temperature overnight. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexane/DCM = 1/1) to afford the desired product 3-8b (117 mg) in 91% 
yield; ; m.p > 400 C. 1H NMR (CDCl3, 500 MHz): δ 9.67 (d, J = 5.0 Hz, 2H), 9.52 (s, 
2H), 9.19 (s, 2H), 8.63 (d, J = 5.0 Hz, 2H), 8.60 (d, J = 5.0 Hz, 2H), 8.49 (d, J = 5.0 
Hz, 2H), 8.43 (d, J = 5.0 Hz, 2H), 8.42 (d, J = 5.0 Hz, 2H), 7.96 (d, J = 8.0 Hz, 4H), 
7.48 (d, J = 8.0 Hz, 4H), 7.21 (s, 8H), 2.63 (s, 6H), 2.59 (s, 6H), 2.57 (s, 6H), 1.93 (s, 
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12H), 1.86 (s, 12H). 13C NMR (CDCl3, 125 MHz): δ 183.86, 153.19, 153.08, 152.56, 
151.61, 150.66, 150.46, 148.38, 146.46, 141.52, 139.09, 138.88, 138.71, 138.10, 
137.95, 137.83, 137.58, 137.52, 137.08, 136.98, 134.19, 134.11, 133.90, 132.69, 
132.43, 131.98, 131.87, 131.72, 131.28, 127.94, 127.84, 127.63, 126.76, 123.57, 
120.28, 110.71, 29.71, 21.74, 21.64, 21.52, 21.48, 21.44. HR-MS (MALDI-TOF): m/z 
=1523.4502, calcd. for C98H74N8O2Zn2: m/z = 1523.4590, error = 5.77 ppm. Anal. 
Calcd for C98H74N8O2Zn2: C, 77.11; H, 4.89; N, 7.34. Found: C, 77.16; H, 4.94; N, 
7.30. 
 
Compound 3-9: To a solution of 3-8a (50 mg, 0.0328 mmol) in anhydrous THF (5 mL) 
was added triisopropylsilylethynyl lithium (2M in THF, 10 mL). The mixture was 
stirred at room temperature for 48 h. The solvent was removed under vacuum and the 
residue was purified by column chromatography (silica gel, hexane/DCM = 1/1) to 
afford the compound 3-9 (27 mg) in 41% yield; m.p > 400 C. 1H NMR (C2D2Cl4, 
500 MHz, 100 oC): δ 9.40 (d, J = 4.0 Hz, 2H), 9.00 (s, 2H), 8.52 (d, J = 3.5 Hz, 2H), 
8.45 (d, J = 4.5 Hz, 2H), 8.31 (d, J = 3.5 Hz, 2H,), 8.23 (d, J = 4.0 Hz, 2H), 8.02 (d, J 
= 3.5 Hz, 2H), 7.80 (d, J = 6.5 Hz, 4H), 7.44 (d, J = 6.5 Hz, 4H), 7.22 (s, 4H), 7.07 (s, 
4H), 2.59 (s, 6H), 2.57 (s, 6H), 2.49 (s, 6H), 2.02 (m, 6H), 1.95 (s, 12H), 1.86 (s, 36H). 
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Due to the poor solubility, 13C NMR spectrum cannot be recorded even after scanning 
for 24 h. HR-MS (MALDI-TOF): m/z =1873.7320 [M+1], calcd. for 
C120H115N8Ni2O2Si2: m/z = 1873.7383, error = -3.4 ppm. Anal. Calcd for 
C120H114N8Ni2O2Si2: C, 76.92; H, 6.13; N, 5.98. Found: C, 76.89; H, 6.14; N, 5.96. 
 
Compound 3-10: Compound 3-8b (50 mg, 0.0328 mmol) was dissolved in anhydrous 
THF (5 mL) under nitrogen and 4-tert-butylphenylmagnesium bromide (2M in THF, 
10 mL) was added. The mixture was stirred at room temperature for 48 h. The solvent 
was removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexane/DCM = 2/1) to afford compound 3-10 (21 mg) in 38% yield; m.p > 
400 C. 1H NMR (CDCl3, 500 MHz): δ 9.41 (s, 2H), 9.08 (s, 2H), 8.51 (d, J = 3.5 Hz, 
4H), 8.34 (d, J = 3.5 Hz, 4H), 8.00 (d, J = 3.5 Hz, 2H), 7.97 (d, J = 3.5 Hz, 2H), 7.48 
(d, J = 7.0 Hz, 4H), 7.24 (m, 12H), 6.68 (s, 4H), 2.64 (s, 6H), 2.59 (s, 6H), 1.94 (s, 
12H), 1.75 (s, 12H), 1.42 (s, 18H). Due to the poor solubility, 13C NMR spectrum 
cannot be recorded even after scanning for 24 h. HR-MS (MALDI-TOF): m/z 
=1706.7501, calcd. for C118H98Mg2N8O2: m/z = 1706.7514, error = -0.76 ppm. Anal. 
Calcd for C118H98Mg2N8O2: C, 82.94; H, 5.78; N, 6.56. Found: C, 82.98; H, 5.80; N, 
6.52. 
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Compound 3-14: Compound 3-13 (305 mg, 0.2 mmol) was dissolved in anhydrous 
THF (20 mL) under argon, then 2-mesitylmagnesium bromide solution (1.0 M in 
diethyl ether, 10 mL, 10 mmol) was added. The mixture was stirred at room 
temperature for 36 h, and then was poured into water. The mixture was extracted by 
DCM (100 mL) and the organic layer was washed by water, dried over Na2SO4. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexane/ethyl acetate = 3/1) to afford the desired product. 
Recrystallization from DCM/MeOH afforded pure 3-14 as a red solid (300 mg) in 85% 
yield; m.p > 400 C. 1H NMR (CDCl3, 500 MHz): δ 9.26 (d, J = 4.5 Hz, 2H), 8.95 (m, 
8H), 8.88 (d, J = 4.5 Hz, 2H), 8.84 (d, J = 4.5 Hz, 2H), 8.78 (d, J = 4.5 Hz, 2H), 8.59 
(d, J = 4.5 Hz, 2H), 8.20 (d, J = 7.5 Hz, 2H), 8.17 (d, J = 7.5 Hz, 2H), 7.59 (m, 4H), 
7.36 (s, 4H), 7.34 (s, 4H), 7.28 (s, 2H), 6.72 (d, 2H, J = 3 Hz), 5.37 (s, 4H), 2.74 (s, 
6H), 2.69 (s, 6H), 2.67 (s, 6H), 2.04 (s, 6H), 1.97 (s, 6H), 1.86 (s, 6H), 1.75 (s, 6H), 
1.27 (s, 12H), 1.20 (s, 6H). 13C NMR (CDCl3, 125 MHz): δ 150.53, 150.20, 150.17, 
149.99, 149.85, 149.75, 149.34, 141.72, 139.92, 139.59, 139.41, 139.34, 139.31, 
139.23, 139.13, 139.08, 137.52, 137.45, 137.08, 136.24, 135.86, 134.57, 134.38, 
132.76, 132.46, 132.42, 131.94, 131.73, 131.59, 130.66, 130.54, 130.38, 128.66, 
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127.77, 127.58, 127.41, 127.37, 120.60, 119.44, 119.08, 118.66, 22.12, 21.70, 21.66, 
21.55, 19.88, 19.73. HR-MS (MALDI-TOF): m/z = 1766.6781, calcd. for 
C116H102N8O2Zn2: m/z = 1766.6709, error = 4.08 ppm. Anal. Calcd for 
C116H102N8O2Zn2:  C, 78.67; H, 5.81; N, 6.33. Found: C, 78.66; H, 5.82; N, 6.31. 
 
Compound 3-1: A solution of compound 3-14 (100 mg, 0.0566 mol) in dry DCM (10 
mL) was added boron trifluoride diethyl etherate (3 mL) at room temperature under 
argon. The color of the solution turned brown immediately. After 10 min, methanol 
(10 mL) and water (20 mL) were added to quench the reaction. The organic layer was 
separated and dried over Na2SO4. The solution was stirred with silica gel (0.5 g) in 
DCM (10 mL) for 2h in the air to ensure complete oxidation by air. After filtration, 
the solvent was removed under vacuum and the residue was purified by flash column 
chromatography the solvent (silica gel, DCM) to afford the target compound 3-1 as a 
light green solid (15 mg, 15%); m.p > 400 C. 1H NMR (CDCl3, 500 MHz): δ 8.88 (d, 
J = 4.0 Hz, 2H), 8.53 (d, J = 4.5 Hz, 2H), 8.48 (d, J = 4.5 Hz, 2H), 8.46 (d, J = 4.5 Hz, 
2H), 8.41 (d, J = 4.5 Hz, 2H), 8.24 (d, J = 4.5 Hz, 2H), 8.09 (s, 2H), 8.00 (d, J = 4.5 
Hz, 4H), 7.77 (s, 2H), 7.50 (d, J = 8.0 Hz 4H), 7.31 (s, 4H), 7.19 (s, 4H), 7.16 (s, 4H), 
2.68 (s, 6H), 2.66 (s, 6H), 2.55 (s, 6H), 2.48 (s, 6H), 2.43 (s, 12H), 1.93 (s, 12H), 1.86 
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(s, 12H). 13C NMR (CDCl3+1% pyridine, 125 MHz): δ 150.65, 150.56, 149.60, 
149.38, 149.16, 148.38, 147.16, 142.86, 140.05, 139.54, 138.89, 138.82, 138.80, 
138.54, 138.49, 137.20, 137.04, 136.77, 136.51, 135.64, 135.44, 135.24, 133.86, 
133.54, 132.61, 131.74, 131.62, 131.18, 130.47, 130.10, 129.39, 128.58, 127.66, 
127.51, 127.15, 123.36, 122.96, 121.42, 29.71, 21.44, 21.41, 21.37, 21.04, 20.62. 
HR-MS (MALDI-TOF): m/z =1728.6321, calcd. for C116H96N8Zn2: m/z = 1728.6341, 
error = -1.16 ppm. Anal. Calcd for C116H96N8Zn2: C, 80.40; H, 5.58; N, 6.47. Found: 
C, 80.38; H, 5.56; N, 6.46. 
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Chapter 4 Phenalenyl-fused Porphyrin Diradicaloids 
 
4.1 Introduction 
Stable π-conjugated diradicaloids have recently attracted intensive research 
interest due to their unique electronic, optical and magnetic properties and potential 
applications in organic electronics, non-linear optics, spintronics, and energy storage 
devices.1 Typical examples include bis(phenalenyls),2 zethrenes,3 indenofluorenes,4 
extended p-quinodimethanes,5 quinoidal oligothiophenes and thienoacenes,6 and 
zig-zag edged graphene molecules.7 In addition, a doubly linked corrole dimer8 and a 
meso-diketo-hexaphyrin9 were also reported by Osuka et al. to be singlet diradicaloids 
in the ground state. Among the various designs, phenalenyl monoradical10 as the 
smallest open-shell polycyclic aromatic hydrocarbon (PAH) showing remarkable 
thermodynamic stability has been used for the design of stable diradicaloids such as 
bis(phenalenyls)2 and zethrenes.3 Our particular interest here is to develop a new type 
of hybrid diradicaloids by fusion of one or two phenalenyl units onto an aromatic 
porphyrin skeleton (Figure 4-1). Although various PAH-fused porphyrins have been 
reported,11 none of them showed open-shell diradical character.  
The mono- phenalenyl fused porphyrin molecule can be drawn in two resonance 
structures, one closed-shell form containing a non-aromatic porphyrin, in an 
open-shell diradical form (Figure 4-1). This difference raises the curiosity about their 
ground state, chemical reactivity and physical properties. Like all other diradicaloids, 
kinetic blocking of the high spin density sites is necessary for obtaining 
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stable/persistent materials, thus the bulky mesityl-blocked and mono- and bis- 
phenalenyl fused Ni-porphyrins 4-1 and 4-2 were synthesized and investigated in this 
work (Figure 4.1). 
 
Figure 4.1 Structures of mono- and bis- phenalenyl fused porphyrin diradicaloids and their 
derivatives 4-1 and 4-2. 
 
4.2 Results and discussion 
The fusion of one or two phenalenyl units onto the porphyrin core was 
successfully achieved by an intramolecular Friedel-Crafts 
alkylation-followed-by-oxidative dehydrogenation strategy (Scheme 4.1). For the 
synthesis of 4-1, the 2,6-bis(bromomethyl)-4-tert-butylphenyl substituted porphyrin 
4-312 was transformed into the Ni-porphyrin dialdehyde 4-6 in high yield via an 
esterification−hydrolysis−Swern oxidation−metallation sequence. Compound 4-6 was 
treated with 2-mesitylmagnesium bromide to give the intermediate diol, which was 
subjected to a Friedel−Crafts alkylation reaction promoted by BF3·OEt2 to afford the 
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Scheme 4.1 Synthetic scheme towards poprphyrin 4-1, 4-2, 4-11a and 4-11b Reagents and 
conditions: (a) KOAc, CH3CN, THF, reflux, 1d, ; (b) LiOH, H2O, dioxane, H2O, reflux, 2d; (c) 
i) oxalyl chloride, DMSO, DCM, Et3N; ii) Ni(acac)2, toluene, reflux, 24h; (d) i) 
mesitylmagnesium bromide, THF, rt, 24h; ii) excess BF3•Et2O, DCM, 10 min ; (e) NIS, DCM, 
49%. (f) i) 3,5-di-tert-butylbenzaldehyde, BF3•OEt2, CH2Cl2 (+1% EtOH), rt; ii) DDQ, 22%; 
(g) i). HBr, AcOH, CH2Cl2, rt, ii. NaHCO3, H2O, 98%; (i) p-chloranil, DCM; (k) air. Ar1: 
4-tert-butylphenyl, Ar2: mesityl, Ar3: 3,5-di-tert-butylphenyl. 
  
dihydro- precursor 4-7 in 67% yield. Compound 4-1 was then obtained as a red solid 
in 49% yield by oxidative dehydrogenation of 4-7 with N-iodosuccinimide (NIS). It is 
worthy to note that the obtained Ni-porphyrin 4-1 showed largely enhanced stability 
compared to its zinc- and freebase porphyrin analogues, which are very sensitive in 
air and difficult to separate. A similar strategy was used for the synthesis of 4-2. 
Treatment of the tetra(methylether)- substituted porphyrin 4-813 with HBr in AcOH 
gave the tetra(bromomethyl)- substituted porphyrin 4-9, which underwent a similar 
esterification−hydrolysis−Swern-oxidation−metallation−nucleophilic 
addition−Friedel-Crafts alkylation sequence to afford the tetrahydro- porphyrin 
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precursor 4-10 in an overall 72% yield. Oxidative dehydrogenation of 4-10 with 
p-chloranil in dry dichloromethane (DCM) gave an air sensitive species (compound 
4-2, vide infra) which couldn't be isolated in pure form. Upon exposure to air for 3 h, 
the reactive species was transformed into two dioxo-porphyrin isomers 4-11a (purple 
solid) and 4-11b (red solid), which can be separated by routine column 
chromatography in 20% and 30% yield, respectively. 
The intermediate species was identified to be the desired compound 4-2 as a 
triplet diradical. After addition of p-chloranil under argon, the colour of the solution 
changed from light-green to dark-brown in 10 minutes at room temperature (RT). 
High-resolution APCI mass spectroscopic measurement of the solution gave a peak at 
m/z = 1522.8235([M]+; calcd. for 4-2 C108H112N4Ni: 1522.8240), indicating the 
successful removal of four hydrogens. The absorption spectrum of the solution 
showed a broad red-shifted absorption extending beyond 1200 nm, which is consistent 
with the calculated electronic transitions by UB3LYP method (Figure 4.2). 

































Figure 4.2 UV-Vis-NIR absorption spectrum of the triplet diradical 4-2 generated in situ in 
CH2Cl2 along with the simulated excitation transitions obtained by UB3LYP/6-31G* level 
calculations. 
ESR measurement of the solution clearly exhibited a well-resolved spectrum with 
ge = 2.00125 (Figure 4.3a). Broken symmetry density functional theory (DFT) 
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(UB3LYP/6-31G*) calculations suggested that compound 4-2 has an open-shell triplet 
ground state (<s2> = 2.1194) with singlet-triplet energy gap (ΔES-T) of +6.98 kcal/mol 
based on Yamaguchi equation. This is reasonable since the structure of 4-2 cannot be 
drawn as a closed-shell resonance form, like many other reported triplet diradicals. On 
the basis of the molecular orbital (MO) characteristics, the triplet diradical 2 shows 
non-disjoint nature of the non-bonding molecular orbitals to avoid the Coulomb 
repulsion by filing the MO with two electrons, which prefer to the triplet electronic 
structure. The spin density map suggests that it is a π-electron based diradical species 
since the spin density on Ni atom is negligible (Figure 4.3b). Simulation of the ESR 
spectrum was conducted by taking consideration of the spin-nucleus coupling with the 
four protons on the two fused benzene rings (H1 in Figure 4. 1) and the four β-protons 
on the pyrrole rings (H2 in Figure 4.1), both possessing high spin densities (ρ(H1) = + 
0.168, ρ(H2) = + 0.305, Figure 4.3 b). The simulated ESR spectrum (A (H1) = 7.30 
MHz, A (H2) = 8.50 MHz) of the triplet diradical 2 was in good agreement with the 
experimentally observed spectrum (Figure 4.3a). It is worth noting that there was no 
obvious change in spectral shape upon standing at RT in argon for 7h except for a 
slight decrease in intensity, indicating good persistence of the triplet diradical under 
inert atmosphere, which is remarkable for a triplet diradical and can be explained by 
the efficient spin delocalization along the whole π-conjugated system. The forbidden 
half-field Δms =  2 transition ESR spectrum was not observed due to the 
delocalization of the spin and the large mean spin-spin distance, which was also 
observed in other delocalized diradical systems. The low temperature ESR 
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measurements on the solid sample only showed a broad spectrum, which limited more 
detailed analysis. The calculated large spin density at the β-pyrrolic carbon atoms also 
suggested the high reactivity of these sites. In fact, the diradical 4-2 can be easily 
oxidized by oxygen when stirring in air and mainly gave two stable dioxo-porphyrins 






A(H1) x 4 = 7.30 MHz
A(H2) x 4 = 8.50 MHz
 
Figure 4.3 (a) ESR spectrum of the in situ generated 4-2 recorded at 298 K and the simulated 
spectrum. (b) Calculated spin density distribution of the triplet diradical 4-2 
(UB3LYP/6-31G*). Blue and green surfaces represent positive and negative spin densities, 
respectively. 
    Compound 4-1 was identified as a closed-shell structure in the ground state 
based on the observation of sharp NMR spectrum even at elevated temperatures and it 
is also supported by DFT calculations (4-1(CS) ~ 4-1(SB) > 4-1(TB); diradical character y 
= 0.06; ΔES-T = -8.55 kcal/mol based on CASSCF(2.2)/6-31G calculation). Attempted 
single crystal growth by slow diffusion of CH3CN into a solution of 4-1 in toluene 
however resulted in the dihydrogenated product 4-1-H2 which was confirmed by the 
crystallographic analysis (Figure 4.4a) and high resolution APCI mass (m/z = 
1155.5776 ([M+]; calcd for C80H81N4Ni: 1155.5809).14 The hydrogenation selectively 
took place at the two reactive sites with high spin densities in the phenalenyl unit 
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(Figure 4.2b). Crystal growth in anhydrous toluene/CH3CN, DCM/CH3CN, and 
benzene/CH3CN all gave the dihydro- compound 4-1-H2, indicating that CH3CN 
likely is the hydrogen source. Compound 4-1 decomposed in protonic solvents such 
as methanol and ethanol. The structures of 4-11a and 4-11b were also identified by 
X-ray crystallographic analysis (Figure 4.4b-c), implying that they are two isomers 
which differ only in the positions of the two oxygen atoms.15 Both complexes have a 
flat central π-conjugated framework. 4-11b is centro-symmetric with Ni sitting on the 
inversion center but 4-11a is not. They are also the only two possible closed-shell 
structures that can be drawn for the oxidized products of 4-2 when the oxidation takes 
places at two of the four β-pyrrolic positions. Compounds 4-11a and 4-11b also 
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Figure 4.4 X-ray crystallographic structues of 4-1H2 (a), 4-11a (b) and 4-11b (c). Solvent 
molecules are omitted for clarity; ellipsoids are set to 50% probability. 
 































Figure 4.5 UV-vis-NIR absorption spectra of 4-1, 4-7, 4-10, 4-11a and 4-11b in DCM. 
 
































































































-5.02 -3.66 1.36 1.27 8.9 980  
(1600 nm)
Table 4.1 Photophysical and electrochemical data of the porphyrin derivatives 4-1, 4-7, 4-10, 
4-11a and 4-11b. εmax: molar extinction coefficient at the absorption maximum. Eox1/2 and 
Ered1/2 are half-wave potentials of the oxidative and reductive waves, respectively, with 
potentials versus Fc/Fc+ couple. HOMO and LUMO energy levels were calculated according 
to equations: HOMO = - (4.8 + Eoxonset) eVand LUMO = - (4.8 +Eredonset) eV, where Eoxonset and 
Eredonset are the onset potentials of the first oxidative and reductive redox wave, respectively. 
EgEC: electrochemical energy gap derived from LUMO-HOMO. EgOpt: optical energy gap 
derived from lowest energy absorption onset in the absorption spectra. τ: excited lifetime 
based on the TA measurements. σ(2): TPA cross section. 
 Compound 4-1 shows one intense Soret band at 436 nm and two weak Q bands 
at 545 and 582 nm in DCM, which are blue-shifted compared with the dihydro- 
precursor 4-7 (Figure 4.5 and Table 4.1). Such a difference can be explained by partial 
destruction of aromaticity of the porphyrin ring after fusion of a phenalenyl unit and 
compound 4-1 can be regarded as a cross-conjugated, β-oxidized porphyrinoid. 
Nearly zero NICS(0) values at inner porphyrin core was calculated (DFT-GIAO) 
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(Figure 4.6) implying a disrupted π-conjugation network of the closed-shell 4-1. 


































Figure 4.6 Calculated absorption spectrum (left) and NICS(0) values (right) for compound 
4-1. 
The two dioxo-porphyrin isomers 4-11a and 4-11b exhibit very different 
absorption spectra in the UV-vis-NIR region (Figure 4.5). The cis- isomer 4-11a 
displays a red-shifted absorption spectrum compared with the trans- isomer 4-11b 
presumably due to its asymmetric push-pull character. The observed band shape and 
intensity are well in agreement with the time-dependent DFT calculations for these 
two isomers (Figure 4.7). Owing to their extended π-conjugation and intramolecular 
donor-acceptor interactions, both 4-11a and 4-11b have a smaller optical energy gap 
(1.17 eV for 4-11a and 1.27 eV for 4-11b) compared with compound 4-10 (1.37 eV). 
 
Figure 4.7 Calculated excitation transitions for 4-11a and 4-11b together with its absorption 
spectrum in CH2Cl2. 
The excited-state dynamics of compound 4-1, the dihydro- (4-7) and tetrahydro- 
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(4-10) precursors, and the dioxo-porphyrins 4-11a/4-11b were probed by 
femto-second transient absorption (TA) measurements (Figure 4.8). The TA spectrum 
of 4-1 exhibited a ground-state bleaching signal around 545 nm together with two 
excited-state absorption bands at 570 and 610 nm, which is distinct from the 
dihydro-compound 7 (Figure 4.8). At the same time, much longer singlet excited state 
lifetimes was determined for 4-1 ( = 300 ps) than 4-7 ( = 14.2 ps). The  two 
dioxo-porphyrin isomers 4-11a and 4-11b exhibit very different TA spectra (Figure 
4.9) and both show shorter singlet excited state lifetime ( = 11.3 ps for 4-11a and 8.9 
ps for 4-11b) compared with the tetrahydro- porphyrin 4-10 ( = 32 ps). 
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Figure 4.8 absorption spectra and decay profiles (inset) of 4-1 (a), 4-11a (b) and 4-11b (c) in 
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toluene measured at room temperature (296 K). For all, the excitation wavelength is 540 nm. 
 
Due to the extended π-conjugation, compounds 4-11a and 4-11b also showed 
good third order non-linear susceptibility with large two-photon absorption (TPA) 
cross sections in the near infrared region, with σ (2) = 1000 GM when excited at 1200  
nm for 11a and σ (2) = 980 GM when excited at 1600 nm for 4-11b, both are larger 
than the tetrahydro- precursor 10 (σ (2) = 780 GM at 1300 nm and σ (2) = 250 GM at 
1700 nm) (Figure 4.9 and Table 4.1).16 









































































































Figure 4.9 OPA (black solid line and left vertical axis) and TPA spectra (blue symbols and 
right vertical axis) of 4-7 (a), 4-10 (b), 4-11a (c), and 4-11b (d). TPA spectra are plotted at 
λex/2. 
 
All the porphyrin compounds (4-1, 4-7, 4-10, 4-11a, 4-11b) showed multiple 
oxidation and reduction waves in the  cyclic voltammetry and differential pulse 
voltammetry (Table 4.1 and Figure 4.10) and the measured HOMO/LUMO energy 
levels and energy gaps are consistent with the DFT calculations and optical data 
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(Figure 4.11 and Figure 4.12). 


































Figure 4.10 Cyclic voltammograms and Differential pulse voltammograms  of 4-1, 4-7, 4-10, 
4-11a and 4-11b in CH2Cl2 with 0.1 M Bu4NPF6 as a supporting electrolyte, AgCl/Ag as a 
reference electrode, a Au disk as a working electrode, a Pt. wire as a counter electrode, and a 


















Figure 4.11 Calculated frontier molecular orbital profiles and energy diagram of 4-1 
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4.4 Experimental section 
4.4.1 General 
All reagents and starting materials were obtained from commercial suppliers and 
used without further purification. Anhydrous toluene and dichloromethane (DCM) 
were distilled under a nitrogen atmosphere over sodium and calcium hydride, 
respectively. Column chromatography was performed on silica gel 60 (Merck 40-60 
nm, 230-400 mesh). All NMR spectra were recorded on the Bruker AMX500 
spectrometer. All the other measument technologies were the same of what mentiond 
in Charpter 2. 
 
4.4.2 Detailed synthetic procedures and characterization data 
 
Compound 4-3 (1g, 0.98 mmol), KOAc (1.44 g, 14.7 mmol) and 
tetra-n-butylammonium bromide (3.31 g, 1.47 mmol) were dissolved in a mixure of 
200 mL of THF and 200 mL of CH3CN under argon atmosphere. The mixture was 
refluxed for 1 day and poured into 200 mL of ice water. The layers were separated, 
and the organic layer was washed with water for several times and dried over MgSO4. 
The solvent was removed under vacuum and the residue was purified by column 
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chromatography (silica gel, DCM) to afford the desired product 4-4 (0.83 g) in 85% 
yield. 1H NMR (CDCl3, 500 MHz): δ 8.88 (d, 4H, J = 4.5 Hz), 8.85 (d, 2H, J = 4.5 
Hz), 8.61 (d, 2H, J = 4.5 Hz), 8.17 (m, 6H), 7.80 (s, 2H), 7.78 (m, 6H), 1.65 (s, 9H), 
1.63 (s, 27 H), 1.42 (s, 6H), -2.67 (s, 2H, 2 NH); 13C NMR (CDCl3, 125 MHz): δ 
170.11, 152.07, 150.60, 139.36, 139.13, 138.47, 137.64, 134.54, 125.16, 123.70, 
121.04, 120.33, 112.79, 65.40, 34.98, 21.78, 31.70, 20.27. HR-MS (APCI): m/z = 
983.5491, calcd. for C66H71N4 O4 (M+1): m/z = 982.5470,  error = -0.8 ppm. 
 
To a solution of ester 4-4 (820 mg, 0.828 mmol) in dioxane (200 mL) and THF (40 
mL) were added LiOH·H2O (15.4 g, 41.4 mmol) and water (90 mL). The mixture was 
refluxed for 24 h. After cool down to room temperature, ethyl acetate (200 mL) and 
200 mL of ice water was added. The layers were separated and the organic layer was 
dried over MgSO4. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, ethyl acetate) to afford the desired 
product 4-5 (700 mg) in 95% yield. 1H NMR (CDCl3, 500 MHz): δ 8.87 (m, 6H), 8.62 
(d, 2H, J = 6.0 Hz), 8.15 (br, 6H), 7.89 (s, 2H), 7.77 (br, 6H), 4.69 (s, 2H, 2 OH), 4.18 
(m, 4H), 1.64 (s, 9H), 1.61 (s, 27H), -2.69 (s, 2H, 2NH); 13C NMR (CDCl3, 125 MHz): 
152.32, 152.11, 150.56, 150.51, 142.27, 141.83, 139.13, 138.85, 138.75, 136.97, 
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134.38, 124.32, 124.09, 123.55, 123.41, 120.82, 120.35, 120.25, 113.06, 65.33, 64.03, 
63.96, 34.82, 31.60. HR-MS (APCI): m/z = 899.5259, calcd. for C62H67N4O2(M+1) : 
m/z = 899.5186, error = 0.1 ppm. 
 
A solution of oxalyl chloride (1.67 mL, 19.5 mmol) in 90 mL of freshly distilled 
CH2Cl2 was cooled to -78 °C, and DMSO (2.72 mL, 38.4 mmol) was carefully added 
under nitrogen atmosphere. After stirring for 15 min, compound 4-5 (700 mg, 0.78 
mmol) in 100 mL of CH2Cl2 was added and the mixture was stirred at -78 °C for 2h. 
Et3N (5.44 mL) was added successively and the solution was stirred for 1h at -78 oC. 
The cooling bath was then removed, and the reaction mixture was allowed to warm to 
room temperature and stirred for 30 min. The solvent was removed under reduced 
pressure, and the residue was extracted with ethyl acetate. The extract was washed 
with saturated aqueous Na2CO3 solution, brine, and dried over anhydrous Na2SO4. 
After removal of the solvent under reduced pressure the residue was purified by 
column chromatography (silica gel, hexane/DCM = 2/1) to afford the metal-free 
porphyrin 4-6-H2 (675 mg) in 97% yield. A mixture of 4-6-H2 (400 mg, 0.45 mmol) 
and nickel (II) acetylacetonate (0.46 g, 1.93 mmol) in toluene (80 mL) was heated at 
reflux for 24 h. The solution was cooled down to room temperature and washed with 
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water, dried over anhydrous sodium sulfate. The solvent was removed under vacuum 
and the residue was purified by collumn chromatography (silica gel, DCM) to afford 
the nickel complex 4-6 in 90% yield (380 mg). 
Compound 4-6-H2: 1H NMR (CDCl3, 500 MHz): δ 9.34 (s, 2H), 8.91 (d, 2H, J = 5.0 
Hz), 8.90 (d, 4H, J = 5.0 Hz), 8.63 (s, 2H), 8.52 (d, 2H, J = 4.5 Hz), 8.15 (m, 6H), 
7.79 (m, 6H), 1.69 (s, 9H), 1.62 (s, 27H), -2.59 (s, 2NH); 13C NMR (CDCl3, 125 
MHz): 190.12, 153.11, 150.84, 145.29, 138.94, 138.62, 138.52, 134.54, 127.48, 
123.77, 123.69, 121.80, 121.32, 107.38, 35.62, 34.95, 31.71, 31.42. HR-MS (APCI): 
m/z = 895.4972, calcd. for C62H67N4O2 (M+1): m/z = 895.4946, error = -3.0  ppm. 
Compound 4-6: 1H NMR (CDCl3, 500 MHz): δ 9.26 (s, 2H), 8.81-8.80 (m, 6H), 8.55 
(s, 2H), 8.41 (d, 2H, J = 8.0 Hz), 7.56 (d, 2H, J = 4.0 Hz), 7.93 (d, 4H, J = 8.0 Hz), 
7.12 (d, 2H, J = 4.5 Hz), 7.69 (d, 4H, J = 8 Hz), 1.63 (s, 9H), 1.56-1.55 (m, 27H); 13C 
NMR (CDCl3, 125 MHz): 190.07, 152.99, 150.76, 150.72, 143.86, 143.40, 143.30, 
142.74, 137.76, 137.46, 137.33, 137.70, 133.46, 132.85, 132.76, 130.83, 127.91, 
123.83, 120.08, 119.93, 106.82, 35.46, 34.81, 31.55, 31.26. HR-MS (APCI): m/z = 
951.4176, calcd. for C62H61N4NiO2(M+1) : m/z = 951.4143, error = -3.5 ppm. 
 
Compound 4-6 (350 mg, 0.37 mmol) was dissolved in 30 mL of THF under argon, 
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2-mesitylmagnesium bromide solution (5.55 mL, 5.55 mmol, 1.0 M in diethyl ether) 
was added and the solution was stirred for 36 h at room temperature. The mixture was 
then poured into ice water with vigorous stirring, extractd by DCM (100 mL). The 
organic layer was washed by water, then dired over Na2SO4. The solvent was removed 
under vacuum, and the crude product (diol) was washed by DCM/MeOH (100/1) to 
afford a red solid which was used for the next step directly (330 mg). Boron 
trifluoride diethyl etherate (1.5 mL) was added to a solution of the as-prepared red 
solid (330 mg, 0.23 mmol) in DCM (20 mL) at room temperature under argon and the 
mixture turned green immediately. After stirring for 10 min, methanol (10 mL) and 
water (20 mL) were added to quench the reaction. The organic layer was separated 
and washed by water, dried over Na2SO4. The solvent was removed under vacuum 
and the residue was purified by column chromatography (silica gel, hexane/DCM = 
3/1) to afford the desired product 4-7 in 67% yield for two steps (288 mg). 1H NMR 
(CDCl3, 500 MHz): δ 8.33 (d, 1H, J = 4.5 Hz), 8.17 (d, 1H, J = 5.0 Hz), 8.15 (d, 1H, J 
= 5 Hz), 7.90 (d, 1H, J = 5 Hz), 7.82 (br, 4H), 7.64 (t, 6H, J = 8Hz), 7.50 (d, 2H, J = 8 
Hz), 7.19 (s, 1H), 7.16 (s, 2H), 6.80 (s, 2H), 5.01-4.82 (m, 2H), 2.85 (s, 3H), 2.51 (s, 
3H), 2.40 (s, 3H), 2.12 (s, 3H), 1.99 (s, 3H), 1.55 (s, 9H), 1.55-1.54 (m, 27H), 1.42 (s, 
3H); 13C NMR (CDCl3, 125 MHz): δ 155.45, 150.44, 150.25, 148.45, 148.37, 144.38, 
142.84, 142.39, 140.57, 139.96, 138.31, 137.99, 137.95, 137.83, 137.67, 136.85, 
139.79, 136.69, 135.92, 134.59, 133.13, 132.82, 132.67, 132.55, 132.14, 131.68, 
131.15, 129.61, 128.67, 128.64, 128.57, 128.43, 128.02, 127.19, 127.09, 126.31, 
125.32, 124.06, 123.89, 123.05, 121.99, 118.65, 109.62, 105.43, 42.15, 41.06, 34.83, 
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31.65, 21.51, 21.34, 21.05, 20.02, 19.88. HR-MS (APCI): m/z = 1155.5776, calcd. for 
C80H81N4Ni (M-1) : m/z = 1155.5809, error = 2.9 ppm. 
 
Compound 4-7 (100 mg, 0.086 mmol) was dissolved in 20 mL of CH2Cl2 under argon, 
N-iodosuccinimide (38.9 mg, 0.17 mmol) was added and the mixture was stirred for 5 
min at room temperature. The color of the solution turned to brown. The solvent was 
removed by vacuum and the residue was purified by column chromatography (silica 
gel, hexane/DCM = 5/1) to give the red colored compound 4-1 (49 mg) in 49% yield. 
1H NMR (CDCl3, 500 MHz): δ 8.71 (d, 2H, J = 5.0 Hz), 8.64 (d, 2H, J = 5.0 Hz), 8.51 
(s, 2H), 7.97 (d, 2H, J = 8.0 Hz), 7.94 (d, 2H, J = 7.5 Hz), 7.68 (d, 6H, J = 8.0 Hz), 
7.28 (s, 2H), 7.17 (s, 2H), 6.78 (s, 2H), 6.73 (s, 2H), 2.91 (S, 6H), 2.39 (s, 6H), 1.58 
(m, 27H), 1.42 (s, 6H), 1.21 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ 150.93, 150.33, 
150.23, 143.32, 143.29, 143.19, 142.01, 139.17, 138.73, 138.34, 138.31, 138.22, 
137.95, 137.03, 136.42, 136.03, 133.64, 132.27, 131.37, 131.08, 128.49, 128.21, 
125.85, 123.86, 123.68, 123.27, 119.34, 119.05, 110.10, 42.42, 34.84, 34.56, 31.65, 
29.72, 21.61, 21.00, 20.03. HR-MS (APCI): m/z = 1153.5662, calcd. for C80H79N4Ni 
(M+1) : m/z = 1153.5653, error = -0.8 ppm. 








4-tert-Butyl-2,6-bis(methoxymethyl)phenyl-dipyrromethane 4-12 (3.66 g, 10 mmol) 
and 3,5-di-tert-butylbenzaldehyde (2.18 g, 10 mmol) were dissolved in 2 L of dry 
CH2Cl2 containing 20 mL of dry EtOH and the solution was purged with argon for 30 
min. BF3•OEt2 (0.84 mL, 6.6 mmol) was added and the mixture was stirred at room 
temperature for 2 h in the dark. DDQ (3.40 g, 15 mmol) was then added and the 
reaction mixture stirred for another 2 h. The solvent was removed under vacuum and 
the residue was purified by column chromatography (silica gel, hexane/DCM = 1/2) 
to give the desired product 4-8 in 22% yield (1.24 g). 1H NMR (CDCl3, 500 MHz): δ 
8.88 (d, 4H, J = 8.0 Hz), 8.69 (d, 4H, J = 8.0 Hz), 8.11 (d, 4H, J = 3.0 Hz), 7.88 (s, 
4H), 7.86 (s, 2H), 3.96 (s, 8H), 2.78 (s, 12H), 1.63 (s, 18H), 1.53 (s, 36H), -2.58 (s, 
2NH); 13C NMR (CDCl3, 125 MHz): δ 151.80, 148.85, 140.59, 139.46, 135.33, 
130.18, 122.20, 121.14, 120.98, 114.63, 72.98, 58.06, 34.99, 31.65. HR-MS (APCI): 
m/z = 1127.7368, calcd. for C76H75N4O4 (M+1) : m/z = 1127.7348, error = -1.8 ppm. 
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Porphyrin 4-8 (1.2 g, 1.06 mmol) was dissolved in 200 mL of CH2Cl2. 300 mL of a 33% 
solution of HBr in glacial acetic acid was added and the mixture was stirred at room 
temperature overnight. The reaction was quenched with water, and the organic layer 
was washed with a saturated Na2CO3 solution and dried over MgSO4. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexane/DCM = 2/1) to afford the desired product 4-9 in 98% yield (1.37 g). 
1H NMR (CDCl3, 500 MHz): δ 8.92 (d, 2H, J = 8.0 Hz), 8.90 (d, 2H, J = 8.0 Hz), 8.67 
(d, 4H, J = 8.0 Hz), 8.12 ( m, 3H), 7.90 (m, 3H), 7.79 (s, 2H), 7.08 (s, 2H), 4.11 (s, 
8H), 1.64 (s, 18H), 1.54 (s, 36H), -2.55 (s, 2NH); 13C NMR (CDCl3, 125 MHz): δ 
152.90, 148.93, 140.57, 139.36, 138.06, 130.39, 129.11, 127.20, 125.38, 121.97, 
121.10, 112.80, 35.15, 35.07, 32.41, 31.74, 31.52, 29.37, 23.20. HR-MS (APCI): m/z 
= 1319.3364, calcd. for C72H83Br4N4 (M+1) : m/z = 1319.3346, error = -1.4 ppm. 
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Compound 4-9 (1g, 0.76 mmol), KOAc (2.96 g , 30.2 mmol) and 
tetra-n-butylammonium bromide (7.2 g, 3.02 mmol) were dissolved in a mixure of 
THF (400 mL) and CH3CN (400 mL) under argon atmosphere. The mixture was 
refluxed for 2 days and after cooling down to room temperature, it was poured into 
500 mL of ice water. The organic layer was washed with water for several times and 
dried over MgSO4. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, DCM) to afford the desired product 
4-13 in 85% yield (0.81 g). 1H NMR (CDCl3, 500 MHz): δ 8.84 (d, 4H, J = 8.0 Hz), 
8.62 (d, 4H, J = 8.0 Hz), 8.08 (d, 4H, J = 8.0 Hz), 7.79 (m, 6H), 4.67 (s, 8H), 1.62 (s, 
18H), 1.56 (s, 12H), 1.52 (s, 36H), -2.64 (s, 2NH); 13C NMR (CDCl3, 125 MHz): δ 
170.06, 151.90, 148.75, 140.77, 138.47, 137.39, 130.05, 125.11, 124.60, 124.06, 
121.48, 120.88, 113.35, 65.27, 34.98, 31.64, 31.60, 31.53, 20.18. HR-MS (APCI): m/z 
= 1239.7142, calcd. for C80H95N4O8 (M+1) : m/z = 1239.7144, error = 0.2 ppm. 
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To a solution of ester 4-13 (800 mg, 0.64 mmol) in dioxane (250 mL) and THF (50 
mL) were added LiOH·H2O (23.8 g, 64 mmol) and water (100 mL). The mixture was 
refluxed for 36 h under nitrogen. After cooling down to room temperature, ethyl 
acetate (200 mL) and ice water (200 mL) was added. The organic layer was dried over 
MgSO4 and the solvent was removed under vacuum. The residue was purified by 
column chromatography (silica gel, ethyl acetate) to afford the desired product 4-14 in 
96% yield (658 mg). 1H NMR (CDCl3, 500 MHz): δ 8.87 (d, 4H, J = 4.5 Hz), 8.67 (d, 
4H, J = 4.5 Hz), 8.07 (s, 4H), 7.90 (s, 4H), 7.80 (s, 2H), 4.24 (s, 8H), 1.64 (s, 18H), 
1.52 (s, 36H), -2.55 (s, 2NH). HR-MS (APCI): m/z = 1071.6722, calcd. for 
C72H87O4N4 (M+1): m/z = 1071.6722, error = 0.0 ppm. 
 
A solution of oxalyl chloride (2.62 mL, 30.5 mmol) in 100 mL of freshly distilled 
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CH2Cl2 was cooled to -78 °C, and DMSO (4.25 mL, 60 mmol) was carefully added 
under nitrogen atmosphere. After stirring for 15 min, a solution of compound 4-14 
(650 mg, 0.61 mmol) in CH2Cl2 (100 mL) was added and the mixture was stirred at 
-78 °C for 2h. Et3N (8.5 mL) was added successively and the solution was stirred at 
-78 oC for 1h. Then the cooling bath was removed, and the reaction mixture was 
allowed to warm to room temperature and stirred for 30 min. The solovent was 
removed under vacuum and the residue was extracted with ethyl acetate. The extract 
was washed with saturated aqueous Na2CO3 solution, brine, and dried over anhydrous 
Na2SO4. After removal of the solvent under reduced pressure, the crude product was 
purified by column chromatography (silica gel, hexane/DCM = 1/1) to afford the 
metal-free porphyrin 4-15-H2 in 96% yield (622 mg). A mixture of 15-H2 (500 mg, 
0.47 mmol) and nickel (II) acetylacetonate (1.21 g, 4.7 mmol) in toluene (150 mL) 
was heated at reflux for 24 h. The solution was cooled down to room temperature and 
washed with water, dried over anhydrous sodium sulfate. The solvent was removed 
and the residue was purified by column chromatography (silica gel, DCM) to afford 
Nickel complex 4-15 in 97% yield (510 mg). Compound 4-15-H2: 1H NMR (CDCl3, 
500 MHz): δ 9.37 (s, 4H), 8.93 (d, 4H, J = 4.5 Hz), 8.64 (s, 4H), 8.57 (d, 4H, J = 4.5 
Hz), 8.07 (s, 4H), 7.82 (s, 2H), 1.68 (s, 18H), 1.53-1.52 (m, 36H), -2.41 (s, 2NH); 13C 
NMR (CDCl3, 125 MHz): δ 189.96, 153.39, 149.22, 144.95, 140.10, 138.51, 130.14, 
128.17, 123.62, 121.54, 109.16, 46.17, 35.65, 35.14, 31.75, 31.41. HR-MS (APCI): 
m/z = 1063. 6117, calcd. for C72H79N4O4 (M+1): m/z = 1063.6096, error = -2.0 ppm. 
Compound 4-16: 1H NMR (CDCl3, 500 MHz): δ 9.28 (s, 4H), 8.44 (d, 4H, J = 5.0 
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Hz), 8.57 (s, 4H), 8.48 (d, 4H, J = 5.0 Hz), 7.88 (s, 4H), 7.75 (s, 2H), 1.63 (s, 18H), 
1.47 (s, 36H); 13C NMR (CDCl3, 125 MHz): δ 189.92, 153.27, 149.20, 143.80, 143.63, 
139.09, 137.79, 134.45, 131.52, 128.95, 128.14, 122.38, 121.52, 108.35, 35.51, 35.01, 
31.62, 31.27. HR-MS (APCI): m/z = 1119.5305, calcd. for C72H77N4NiO4 (M+1) : m/z 
= 1119.5293, error = -1.1ppm. 
 
Compound 4-15 (400 mg, 0.36 mmol) was dissolved in THF (30 mL) under argon, 
and 2-mesitylmagnesium bromide solution (10 mL, 10 mmol, 1.0 M in diethyl ether) 
was added. The solution was stirred at room temperature for 36 h and then poured into 
ice water with vigorous stirring. The mixture was extracted by DCM (100 mL) and 
the organic layer was washed by water, dired over Na2SO4. The solvent was removed 
under vacuum and the crude product was washed by DCM/MeOH (100/1) to afforded 
compound 4-16 (tetraol) as a red solid (370 mg, 65% yield), which was used for the 
next step directly. HR-MS (APCI): m/z =1598.9018, calcd. for C108H124N4NiO4: m/z = 
1598.8971, error = -2.9 ppm. Boron trifluoride diethyl etherate (3 mL) was added to a 
solution of compound 4-16 (370 mg, 0.23 mmol) in DCM (20 mL) and the red 
solution turned green immediately. After 10 min, methanol (10 mL) and water (20 mL) 
were added to quench the reaction. The organic layer was separated and dried over 
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Na2SO4. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexane/DCM = 3/1) to afford the desired product 
4-10 in 59% yield for two steps (320 mg). 1H NMR (CDCl3, 500 MHz): δ 8.50 (s, 4H), 
8.11 (br, 2H), 7.73 (br, 2H), 7.60 (s, 2H), 7.30 (s, 4H), 7.12 (s, 4H), 6.78 (s, 4H), 6.75 
(s, 4H), 2.89 (s,12H), 2.36 (s, 12H), 1.55 (s, 12H), 1.30-1.27 (m, 36H), 1.23 (s, 18H); 
13C NMR (CDCl3, 125 MHz): δ 150.53, 148.78, 142.65, 141.72, 140.22, 139.53, 
138.46, 137.91, 137.22, 136.76, 135.88, 131.07, 128.47, 128.10, 126.48, 123.22, 
121.15, 120.6, 109.18, 42.34, 34.54, 31.21, 29.70, 22.69, 21.64, 20.97, 20.11. HR-MS 
(APCI): m/z =1527.8586, calcd. for C108H117N4Ni (M+1): m/z = 1527.8626, error = 
-2.6 ppm. 
 
Compound 4-10 (100 mg, 0.065 mmol) was dissolved in 20 mL of CH2Cl2 under 
argon, p-chloranil (37.22 mg, 0.13 mmol) was added and the mixture was stirred at 
room temperature for 10 min. A small amount of this sample can be taken out by 
syringe for ESR measurement under argon. The mixture was allowed to stir in the air 
for 3.5 h, and the color of the solution turned to purple slowly. The solvent was 
removed under vacuum and the the residue was purified by column chromatography 
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(silica gel, hexane/DCM = 5/1) to afford compounds 4-11a (20.3 mg, 20% yield) and 
4-11b (30.5 mg, 30% yield). Compound 4-11a: 1H NMR (CDCl3, 500 MHz): δ 8.20 (s, 
2H), 7.65 (s, 2H), 7.29 (s, 2H), 7.15 (s, 4H), 6.97 (s, 4H), 6.93 (s, 4H), 6.28 (s, 2H), 
2.38 (s, 6H), 2.35 (s, 6H), 1.92 (s, 12H), 1.88 (s, 12H), 1.55 (s, 18H), 1.26 (s, 36H); 
13C NMR (CDCl3, 125 MHz): δ 186.37, 153.92, 150.58, 150.22, 148.80, 148.31, 
148.23, 146.35, 143.50, 138.74, 138.50, 137.85, 137.34, 136.90, 135.09, 134.33, 
133.65, 132.54, 131.20, 129.86, 129.21, 129.11, 128.70, 127.59, 126.55, 126.45, 
121.63, 115.63, 114.69, 107.67, 107.58, 35.81, 35.66, 35.42, 32.01, 31.92, 31.55, 
25.84. HR-MS (APCI): m/z =1553.8089, calcd. for C108H111N4NiO2 (M+1): m/z = 
1553.8055, error = -2.2 ppm. Compound 4-11b: H NMR (CDCl3, 500 MHz): δ 7.93 (s, 
2H), 7.81 (s, 2H), 7.29 (s, 2H), 7.15 (s, 4H), 6.96 (s, 4H), 6.94 (s, 4H), 6.25 (s, 2H), 
2.37 (s, 6H), 2.36 (s, 6H), 2.00 (s, 12H), 1.86 (s, 12H), 1.56 (s, 36H), 1.11 (s, 18H); 
13C NMR (CDCl3, 125 MHz): δ 186.49, 156.78, 150.57, 149.86, 148.45, 147.33, 
144.45, 142.66, 138.74, 138.51, 137.55, 137.20, 136.54, 134.63, 134.25, 132.60, 
131.69, 131.39, 129.34, 129.05, 128.19, 127.65, 127.40, 126.42, 123.41, 121.67, 
115.01, 107.29, 35.67, 35.61, 32.00, 31.37, 21.54, 21.47, 20.77, 20.62, 20.33, 20.17, 
20.14. HR-MS (APCI): m/z =1553.8108, calcd. for C108H111N4NiO2 (M+1): m/z = 
1553.8055, error = -3.4 ppm. Compound 4-2, HR-MS (APCI): m/z =1522.8208, calcd. 
for C108H112N4Ni (M+1): m/z = 1522.8235, error = 1.8 ppm. 
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Chapter 5 Cumulenic Quinoidal Porphyrins Based Diradicaloids 
 
5.1 Introduction 
As we discussed in the Chapter 2, the tetraphenyl substituted quinoidal porphyrin 
still showed a closed-shell electronic configuration in the ground state. It is clear that 
the driving force (revovery of the aromaticity of porphyrin and the realse of steric 
hinderance) is not enough to compensate the energy required to break a double bond 
to form a diradical. Therefore, we suspect that incorporation of one additional 
cumulenic acetylene unit between the porphyrin and the diphenylmethene unit could 
enhance the driving force as the pro-acetylenic allene moiety has the tendency to 
become more stable acetylene structure in the diradical form (Figure 5.1).  Although 
the cumulenic porphyrin dimers were reported by Anderson et al in 2000,1 none of 
them showed open-shell diradical ground state. In this chapter, we attempted to 
synthesize the cumulenic quinoidal porphyrins 5-1 which turned out to be a singlet 
diradical in the ground state (Figure 5.1). Limited by time, their properties and 
chemical reactivity will only be briefly discussed, further physical characterizations 
are underway.  
 
Figure 5.1 Structures of diradicaloids based on cumulenic quinoidal porphyrins. 
 
5.2 Results and discussion 
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Scheme 5.1 Synthetic scheme towards cumulenic quinoidal porphyrins 5-1a, 5-1b and 5-1c: 
(a) Pd(Ph3)2Cl2, CuI, Et3N, THF, 70℃, overnight. (b) SnCl2, toluene. 
 
Firstly, we attempted to synthesize the tetraphenyl-substituted cumulenic 
quinoidal porphyrin 5-1a (Scheme 1), an analogue of quinpodal porphyrin 2-4 
(Chapter 2).  Sonogashira coupling between the a dibromoporphyrin5 (5-3a) with 
1,1-diphenylprop-2-yn-1-ol6 (5-2a) gave the diol 5-4a. Subsequent reduction by tin (II) 
chloride in toluene afforded the desired compound 5-1a. Unfortunately, the central 
metal zinc ion in 5-3a was removed during the reduction reaction and the final free 
base porphyrin 5-1a is unstable in solution and decomposed during the column 
chromatography purification process. The dimerized, trimerized and tetramerized 
products of 5-1a were detected in the MALDI-TOF mass spectra. Such unstability 
and high chemical reactivity implied that the diradical form may contribute largely to 
the ground state of 5-1a. 
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To resolve the stability problem, the more bulky mesityl groups are introduced to 
block highly reactive terminal carbon radicals (Scheme 5.1). Sonogashira coupling 
between 1,1-dimesitylprop-2-yn-1-ol7 (5-2b) and dibromoporphyrins 5-3b (M = Zn) 
and 5-3c (M = Ni)  afforded the key intermediate diols 5-4b (M = Zn) and 5-4c (M = 
Ni) in84% and 81% yield, respectivelyWhen the znic complex 5-4b was treated with 
tin (II) chloride in toluene, the color of the solution changed from green to brown and 
the product decomposed very quickly in the air to give complicated mixture. 
Interestingly, we found that when 5-4b was treated by 6 M HCl, small amount of 
target free base cumulenic quinoidal porphyrin 5-1b (M = H) was obtained, which 
was confirmed by MALDI-TOF mass spectrometry and NMR spectroscopy. The 
cumulenic quinoidal Ni porphyrin 5-1c showed much higher stability and can be 
synthesized by direct reduction of 5-4c with tin (II) chloride in toluene and can be 
purified by flash column chromatography on silica gel. The formation was confirmed 
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Figure 5.2 The UV-vis-NIR absorption spectra of compounds 5-1b and 5-1c. 
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The steady-state UV-vis-NIR absorption spectra of the cumulenic quinoidal free 
base porphyrin 5-1b and the nikel porphyrin 5-1c in CH2Cl2 are shown in Figure 5.2. 
Compound 5-1b shows two intense peaks at 411 and 511 nm, together with a weak 
Q-band with maximum at 808 nm, indicating a large extent of π-conjugation in this 
system. For comparison, the nickel porphyrin 5-1c exhibits two similar intense peaks 
at 442 and 556 nm, together with a weak broad Q-band in the range of 800-1050 nm 
(λmax = 950 nm) Such absorption spectra are distinctively different from the quinoidal 
porphyrin 2-4, indicating that they could have different ground states. ESR 
measurements of the solutions of 5-1b and 5-1c in DCM clearly displayed a weak 
single-line ESR spectrum with ge = 2.003 (Figure 5.2), indicating that both 
compounds could have an open-shell singlet diradical ground state and the weak ESR 
signals come from the thermally excited triplet diradical. 

































In conclusion, the relatively stable cumulenic quinoidal porphyrins 5-1b and 5-1c 
have been synthesized. Our preliminary characterizations showed that both 
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compounds have an open-shell diradical ground state. Further studies such as 
crystallographic analysis, SQUID, transient absorption, TPA measurements and DFT 
calculations are underway to better understand this unique system. Our research 
demonstrated that cumulenic π-conjugated system may display unique properties due 
to the recovery of the more stable acetylene unit in the open-shell diradical form.  
 
5.4 Experimental section 
5.4.1 General 
All reagents and starting materials were obtained from commercial suppliers and 
used without further purification. Anhydrous toluene and dichloromethane (DCM) 
were distilled under a nitrogen atmosphere over sodium and calcium hydride, 
respectively. Column chromatography was performed on silica gel 60 (Merck 40-60 
nm, 230-400 mesh). All NMR spectra were recorded on the Bruker AMX500 
spectrometer. All chemical shifts are quoted in ppm, relative to tetramethylsilane, 
using the residual solvent peak as a reference standard.  MALDI-TOF mass spectra 
were measured on a Bruker Autoflex MALDI-TOF instrument using 
tetracyanoquinodimethane (TCNQ) as a matrix. UV-vis-NIR absorption was recorded 
on a Shimadzu UV-1700/UV-3600 spectrophotometer. Continuous wave X-band ESR 
spectra were obtained with a Bruker ELEXSYS E500 spectrometer using a variable 
temperature Bruker liquid nitrogen cryostat. 
 
5.4.2 Detailed synthetic procedures and characterization data 
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A mixture of compound 1,1-dimesitylprop-2-yn-1-ol 5-2b (500mg, 1.71 mmol), 
dibromodibutylpehenl porphyrin (387 mg, 0.43 mmol), Pd(PPh3)2Cl2 (30 mg, 0.043 
mmol), CuI (16.3 mg, 0.086 mmol) in THF (100 mL) and Et3N (50 mL) was degassed 
and strirred at 70 °C overnight. After cooling to room temperature, the solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexane/EA = 10/1) to afford the desired product 5-4b (480 mg) in 84% 
yield. 1H NMR (CDCl3, 500 MHz): δ 9.19 (d, J = 4.5 Hz, 4H), 8.87 (d, J = 4.5 Hz, 
4H), 8.05 (s, 4H), 7.84 (s, 2H), 6.80 (s, 8H), 2.36 (s, 24H), 2.28 (s, 12H), 1.58 (s, 
36H). 13C NMR (CDCl3, 125 MHz): δ 152.00, 150.15, 148.73, 141.34, 140.12, 136.31, 
135.87, 132.92, 131.69, 129.67, 123.67, 120.96, 101.30, 99.60, 35.11, 31.81, 23.29, 
20.58. 
Using similar procedure, compound 5-4c was obtained in 81% yield. 1H NMR (CDCl3, 
500 MHz): δ 9.10 (d, J = 5 Hz, 4H), 8.68 (d, J = 4.5 Hz, 4H), 7.87 (s, 4H), 7.74 (br, 
2H), 6.87 (s, 8H), 2.89 (s, 2OH) 2.53 (s, 24H), 2.20 (s, 12H), 1.54 (s, 36H). 
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A mixture of compound 5-4c (100mg, 0.075 mmol), tin (II) chloride (28.5 mg, 0.15 
mmol) in toluene (30 mL) was degassed and strirred at room tempruture for 1h. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexane/DCM = 5/1) to afford the desired product 5-1c. 
MS (APCI): m/z = 1288.46, calcd. for C72H79N4O4: m/z = 1288.68. A mixture of 
compound 5-4b (100 mg, 0.075 mmol), HCl (6M, 50 mL) in DCM (30 mL) was 
degassed and strirred at room tempruture overnight. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, 
hexane/DCM = 5/1) to afford the desired product 5-1b. The crystal growing for 5-1b 
and 5-1c are in progress. 
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Chapter 6 Conclusions and Future Research 
 
The overall objective of this thesis was to develop porphyrin-based diradicaloids 
based on two types of structures: (a) quinoidal porphyrin and (b) phenalenyl-fused 
porphyrins. 
Our intial attempt is to synthesize tetraphenyl substituted and fused quinoidal 
porphyrins (Chapter 2), which turned out to be closed-shell quinodial compounds with 
small band gaps. However, by incorporation of two additional acetylene units between 
the porphyrin and diphenylmethene units, the obtained cumulenic quinoidal 
porphyrins 5-1 turned out to be open-shell singlet diradical in the gorund state 
(Chapter 5). As a consequence, these new compounds are magnetically active and also 
very reactive and special stabilization strategy (bulky substitution and including Ni 
metal ion) is necessary to obtain stable compounds. Their optical properties are also 
very different from the closed-shell quinoidal porphyrins. The p-QDM bridged 
porphyrin dimer showed very intense one-photon and two-photon absorption in the 
NIR region (Chapter 3). However, to our surprise, it is a closed-shell compound in the 
ground state. Further modification is possible to push the ground state to open-shell 
diradical. Our strategy of making phenalenyl-fused porphyrins turned out to be 
successful to attain stable/persistent diradicals. It opened the door to approach hybrid 
diradicaloids in the future. 
Overall, based on the four-year studies by overcoming many challenging 
chemistry, we now have a better understanding on how to control the ground state and 
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physical properties of low band gap porphyrins. In particular, we are finally able to 
obtain stable porphyrin based diradicaloids with unique optical, electronic and 
magnetic properties, which will help us to move to the next stage material studies. 
Despite encouraging achievements in this thesis, diradicalthe long challenging 
synthesis in low yields and the intrinsic unstability of the obtained compounds are the 
major limitations for their practical applications.Therefore, there is an urgent need to 
find more efficient synthetic method and stabilizing strategy to attain stable 
PAH-porphrin hybrid diradicaloids in relatively large scale. In addition,  applications 
of the currently available compounds in this thesis has less been investigated. 
Considering their diradicalunique magnetic activity and large non-linear optical 
response, it would be interesting to exploit their applications in spin-based electronics 
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